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Abstract
The data reported in this thesis describes the behaviour of the nucleic acid cytosine
and single stranded and double stranded calf thymus deoxyribonucleic acid (DNA)
at the Au(110)/electrolyte interface.
The adsorption of the biological molecule cytosine at the Au(110)/electrolyte
interface was studied using the surface probing technique of Reflection Anisotropy
Spectroscopy (RAS). 0.1 mM of cytosine in NaH2PO4/K2HPO, was injected into an
electrochemical cell and adsorbed onto the Au(110) substrate. The adsorption
kinetics were studied as a function of solution concentration, applied electrode
potential and pH. It was shown that the cytosine molecule adsorbs along the top
rowsof the Au(110) substrate along the [1 10] principle axis. Simulations were used
to suggest that the cytosine molecules “freeze” the (1x1) surface structure of the
Au(110) substrate.
Single and double stranded calf thymus DNA were shownto self adsorb at
the Au(110)/electrolyte interface and that they have preferential ordering. The idea
of the DNAstrands exhibiting preferential ordering with the absence of an electrode
potential on the Au(110) sample lead to the investigation of the DNA adsorbed on a
polycrystalline Au sample to determine whether the self assembly was due to DNA-
substrate or DNA-DNAinteractions.
The biological molecules cytosine, cytidine 5’-monophosphate (CMP), an
oligonucleotide consisting only of ten cytosine bases (poly-C (10 nucleotides)),
single stranded DNA and double stranded DNA were used in a series of
experiments. Each experiment used RASto study the effect on the optical response
of the molecules adsorbed at the Au(110) surface before and after the removal of
any liquid from the system. The study showsthat the absence ofa liquid from the
system affects the optical response of the cytosine, CMP, poly-C and the single and
double stranded DNA on Au(110). These results are used to suggest that the liquid
environmenthelpsprotect these biological molecules from harmfulultra violet (UV)
radiation.
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Chapter 1
Introduction
This chapter describes the aims of this thesis and explains the importance of the
work presented. This chapter also gives an outline of the content ofthe thesis.
1.1 Surface Science and the Solid/Liquid Interface
Surface science has been embraced throughoutthe scientific world since its genesis
almost half a century ago. The development of Ultra High Vacuum (UHV)
environments has enabled a plethora of experimental techniques such as Low
Energy Electron Diffraction (LEED), X-Ray Photoelectron Spectroscopy (XPS) and
Scanning Tunnelling Spectroscopy (STM), to prosper and yield exciting results
which have gone on to benefit the entire world. Despite this large influx ofresults,
the focus of the subject is now being directed away from the UHV techniques
towards studies of surfaces in ambient conditions.
In particular, studies of solid/liquid interfaces have arisen from the desire to
increase knowledge of the behaviour of biological molecules and systems, which
require a liquid environmentin order to exhibit their functional activity. There is a
need to develop techniques that can be used to study solid/liquid interfaces. One
such technique is RAS. RAS enables the study of the behaviour and functionality of
biological molecules in situ, in three dimensions and can successfully investigate
systems under ambient and electrochemical conditions as well as UHV
environments.
Bybringing together biology, chemistry and physics, RAS has the capacity
to provide a major contribution to the world of biological and medical research.
1.2 Electrochemistry
The importance of electrochemistry combined with the increasing development of
optical probing techniques is reaping benefits for both industrial and scientific
research sectors. The interface between the electrolyte and the surface of an
electrode facilitates studies of importance for scientific and industrial applications as
this is the region where a large proportion of important interactions occur. Such
applications include the exploitation of DNA labelled nanoparticles, bioarray
technologies and the development of Surface Plasmon Resonance (SPR) and
heterogeneouscatalysis.
1.3. Thesis Aims
This thesis reports RAS investigations into the adsorption and behaviour of
biological molecules on the Au(110) surface. The thesis also reports the preferential
ordering of biological molecules onto the Au(110) crystal under a variety of
conditions. All the experiments in this thesis use an Au(110) substrate and a section
of this thesis reports the behaviour of the Au(110) surface under several conditions.
The biological molecules investigated became increasingly complex as the
research progressed in termsofboth electronic and physical structure.
1.4 Thesis Structure
Chapter 2: Experimental Apparatus and Theory
The experimental technique of RAS is introduced with each of the instrument
components described in detail. The spectrometer layout is described alongside the
theoretical analysis of the passage of light through the system. A schematic of the
electrochemical cell used in the research is also given together with a description of
the solid/liquid interface.
A new RASinstrument which can be used in the UV range of light is
described and its differences from the standard RAS instrument in terms of
components and capabilities are discussed.
Chapter 3: The Au(110) Surface
As most of the experiments described in the research were performed on the
Au(110) surface, this chapter provides a summary of previous work onthis surface.
It has been established that the Au(110) surface adopts the (12) ‘missing row’
surface reconstruction when under UHV conditions in order to minimise its surface
energy. However, the Au(110) has a tendency to change its ordering between the
(1 x1) structure and the (1 x2) and (1 <3) surface reconstructions depending on its
environment. This chapter explores the behaviour of the Au(110) surface under an
electrochemical environment. Previous work which lead to a determination of the
RASspectral profiles of all three reconstructions of the Au(110) surface is
described.
This chapter also describes theoretical simulations which use an empirical
modelto simulate the experimental RA spectra produced by the Au(110) sample.
The chapter concludes with an introduction to the results obtained from an
Au(110) sample under liquid using RAS in the UV range of the electromagnetic
spectrum.
Chapter 4: The Determination of the Structure of Cytosine Monolayers
Adsorbedat the Au(110)/Electrolyte Interface
RAS is used to investigate the behaviour of biological molecules at the
Au(110)/electrolyte interface. The characteristics and functionality of these
interfaces are of great interest for the evolution of bio-electronics. Cytosine is one of
the nucleic acids found in DNA and this chapter investigates its behaviour and
alignment on an Au(110) crystal as a function of concentration, pH and electrode
potential.
Chapter 5: The Detection of DNA Adsorbedat the Au(110)/Electrolyte
Interface
The natural progression from studying the RAS of nucleic acid bases found in DNA
is to study the RAS of DNAitself. This chapter introduces the DNAstructure and
previous studies of this important molecule. Results are then presented of the RAS
of both single stranded DNA (ss-DNA) and double stranded DNA (ds-DNA)
adsorbed on the Au(110) surface. A follow up investigation into the RAS of DNA
adsorbed on polycrystalline gold is used to explore if the preferential ordering of
DNAatthe gold interface is a result of DNA-DNAinteractions or is dominated by
the effect of the substrate.
Chapter 6: The Effect of a Phosphate Buffer on the RAS of DNA on Au(110)
The results obtained from the previous chapter lead to interesting investigations into
how the presence of a buffer solution effects the coupling of the DNA to the
dielectric function of the Au(110) substrate. Experiments using both the RA
spectrometers to provide extended range RA spectra are conducted to show the
change in the optical response of the samples whenthe buffer solution is removed
from the cell. The results of these experiments are presented and provide a possible
insight into how these biological molecules survived early Earth and the abundance
of damaging UV radiation prior to the growth of the ozonelayer.
Chapter 2
Experimental Apparatus and
Theory
The objective of this chapter is to describe the theory behind Reflection Anisotropy
Spectroscopy and the function of each of the experimental components within the
spectrometer. The chapter also includes a description of the make up and function of
the electrochemicalcell used in the research. In addition the mathematical formalism
of light describing the passage through the spectrometeris explained.
2.1 Reflection Anisotropy Spectroscopy
RASevolved from a similar technique knownas Spectroscopic Ellipsometry (SE)
[1,2]. RAS is a non-destructive optical probe which can provide surface sensitive
information about some cubic crystals by meansof exploiting their optical surface
anisotropy. The information gained from RAS experimentsis obtained by measuring
the difference in the reflectance (Ar) of normal incidence plane-polarised light
between two orthogonaldirections in the surface plane (x,y) normalised to the mean
reflectance(r):
Ar | 24, -T)
(+h) (2.1)
where the reflectances r, and ry are the complex Fresnel reflection amplitudes
correspondingto the two orthogonalsurface directions, x and y, respectively.
UHV techniques that are used to obtain surface sensitivity have
predominantly exploited the short mean free path of electrons. However, light is
able to penetrate deeper into a sample andis less sensitive to the surface, but if the
sample is a cubic crystal then any anisotropic reflectance in normal incidence and
reflection will occur exclusively from the sample’s surface and not from the bulk,
since the optical response of the bulk to normal incidencelight is isotropic. In these
conditions RASof a surface is observed andis highly sensitive to surface structure
and processes. The nature of this technique allows RASto be used undera variety of
environments provided that those environments are optically transparent. The
addition of RAS to surface probing techniques allows some limitations of UHV
experiments to be overcome, sanctioning the investigationsof solid/liquid interfaces,
particularly those of electrodes within an electrochemical environment.
2.1.1 The RA Spectrometer
RAScan be considered to be a special form of SE, since the experimental set-up is
very similar albeit with some important differences. SE illuminates a sample with
linearly polarised light close to that of the Brewster angle [3]. Conversely, RAS
works with linearly polarised light which illuminates the sample at near normal
incidence (<5°). RAS was initially known as Reflection Difference Spectroscopy
(RDS) and was developed in the 1980’s by Aspnes and his co-workers [4]. The
purpose of its development was to monitor the growth of III-IV semiconductors in
near atmospheric pressures [5]. RAS has since been successfully utilised to study
metal surfaces in both UHV and air [6], the metal/liquid interface within an
electrochemical environment[7] and lead to the study of the adsorption of biological
molecules at metal/liquid interfaces [8-12]. Figure 2.1 shows the components of the
RA spectrometer [6], which are described in the order that the light travels through
the system. It should be noted that mirrors, not displayed in the schematic of figure
2.1, are positioned before and after both the polariser and the analyser in order to
facilitate and enhance control overthe direction and focal length of the light.
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Figure 2.1: A schematic of the fundamental components of an RA spectrometer. Taken from [6].
Xenon Lamp
The Xenon lampthat is used to provide the necessary high intensity source of light
is a Hamamatsu 75 Watt Super-Quiet 9 Xenon arc discharge lamp, used in
combination with a stabilised power supply (Hamamatsu C4621-02) in order to
minimise any fluctuations from the mains supply. The light radiated from the lamp
is generated from an arc discharge when high voltages are applied across the anode
to a high performance cathode situated in a Xenon gas environment. This form of
light source is used for RAS experiments due to its sustainable output of a
continuous spectrum of light between the infrared (IR) and UV range
(1.5 eV - 5.5 eV) of the electromagnetic spectrum. The Xenon gas pressure in the
lamp can vary for up to one hour after it is turned on. Only after waiting an hour
after powering up can experiments be carried out with a confidence that a new
thermal equilibrium has been successfully achieved and, more importantly, a
maximal and unchanging photonflux.
Mirrors
The mirrors used in a RA spectrometer are concave front coated UV enhanced
aluminium on glass, with a thin silica coating to inhibit mechanical abrasion.
Initially their purpose is to convert the diverging light produced by the Xenon lamp
into a parallel beam of focused light which is incident on the sample. Towards the
latter part of the optical path of the RA spectrometer the intrinsic astigmatism ofthe
mirrors allows the reflected light from the sample; which has now passed through
the photoelastic modulator (PEM) and analyser, to be re-focused onto the narrow
1 mm vertical input slit of the monochromator.
Polariser
The difference in the reflections r, and r, in the x and y directions respectively are,
frequently very small, to the point where the polariser and analyser require an
extinction ratio larger than 10°. Taking this into account, there are two classes of
prism type polarisers which can be used to provide the desired results for RAS. The
first are beam splitting polarisers which include Rochon and Wollaston polarisers.
These consist of two adjacent quartz prisms that separate the ordinary and
extraordinary polarised beams which havepolarisations that are perpendicular to one
and other. Conversely, there are Glan prism polarisers that separate the two
polarised beamsby total internal reflection resulting in the emergence ofa single
beam oflight. Glan prism polarisers are often preferred for UHV apparatus as they
pose no restrictions on the location of components in the optical layout, which in
turn permits a more compact experimental layout.
Rochon type prism polarisers are used in the research due to their greater
efficiency at transmitting light in the UV region. The decision not to use Glan prism
polarisers in the research reported in this thesis is acceptable as there are no UHV
RAS measurements to present. Nonetheless, attention must be paid to ensure that the
two beamsexiting the Rochonpolariser do not overlap.
Low-Strain Window
Once the polarised light exits the Rochon prism, it passes through a low-strain
windowprior to entering the electrochemical cell and interacting with the sample.
The window contributes a small amount to the RAS signal as it has minor
inhomogeneousbirefringence. The contribution of the window can subsequently be
removedby subtracting a corresponding spectrum from all raw experimental data.
Photoelastic Modulator
The model of PEM usedin this thesis is a Hinds Instruments Inc., PEM Quartz 90.
A PEMisessentially a waveplate which modulates the polarisation ellipse of the
light reflected from the sample by means of manipulating the property of stress
induced birefringence. This guarantees the collection of both the real and imaginary
parts of the waveform.This effect is attained by the application ofan electric field to
a piezoelectric crystal that is coupled to an appropriate transparent material such as
fused silica. The crystal is driven at its resonant frequency of 50 kHz which allows
sequential resolution at the microsecond timescale to be reached.
The PEM inducesanoscillating birefringence to the optical element which
only affects the light linearly polarised parallel to the modulation axis and the light
10
linearly polarised perpendicular to the modulation axis remains unchanged. The
light parallel to the modulation axis travels faster than the perpendicular component
when the fused silica is compressed. Conversely, when thesilica is stretched, the
parallel component travels slower than the perpendicular component. This phase
difference is knownasthe retardation, (I). Therefore the elliptically polarised light
from the surface will be phase modulated depending on the polarisation when
passing through the PEM,but the light from the bulk will remain linearly polarised
and thus pass through unaffected due to the intensity of the reflected light being
equal in all phases.
Analyser
The analyser converts the phase-modulated signal from the PEM into an amplitude
modulated signal that can be detected. The analyser uses Rochon typeprismsofthe
same design as the polariser, although it is orientated 45° with respect to the
polariser in order to produce a modulated signal that switches between twolinearly
polarisedstates.
Monochromator
A monochromator is required in this system so that the light from the analyser can
be divided into discrete wavelengths for detection. A Jobin Yvon monochromatoris
used with a holographic grating with 1200 grooves per mm, capable of dealing with
an energy range of 1.5 eV — 6.2 eV. In conjunction with this, a computer controlled
stepping motoris used to position the grating and thus determine the wavelength of
the light entering the detector.
Detector
A Hamamatsu (PMT Hamamatsu R955) multi-alkali cathode photomultiplier tube
(PMT) is positioned directly behind the exit slit of the monochromator. Here the
intensity of the light exiting the monochromator can be measured. The PMT
converts the intensity modulated waveform into a small current, typically in the
order of nanoampsandis then amplified. This amplified signal is then converted
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into a voltage relative to that of the initial intensity of the light. This signal is made
up of two components, a DC offset which is related to the reflectivity and an AC
component which is superimposed onto the DC offset and relates to the anisotropy
of the surface. A lock-in amplifier is required to separate the two components for
analysis.
Silicon photodiodes can also be used for RAS but are mostefficient at longer
wavelengths and perform poorly in the UV range of the spectrum. An appropriately
chosen coating can be applied to convert UV photons for detection in the visible
range but to the detrimentof sensitivity. Due to this loss of sensitivity in the visible
range, the PMT wasthe preferred choice of detector.
Lock-In Amplifier
A lock-in amplifier is used to analyse the AC and DC voltage signals coming from
the PMT. The model used was an EG&G 5210 (dual phase) lock-in amplifier
manufactured by Perkin Elmer Instruments running at a frequency range of
0 Hz-120kHz. It measures the Fourier coefficients of the first and second
harmonicsofthe signal which carry the real and imaginary parts of the RA signal. A
blocking capacitor is applied to separate the AC and DC voltage signals. Lock-in
amplifiers of this description can be used to detect signals of very specific
frequencies that would otherwise be obscured by noise. This function is imperative
for the detection of the RA signal.
To produce accurate measurements andcorrect identification of the signal a
reference voltage of the same frequency and phase relationship is supplied to the
lock-in. The difference in frequencies of the signal of interest, with regard to this
locked in signal, can then be tracked. To achieve this the locked in reference signal
is taken from the PEM.
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2.2 The Propagation of Light Through the System
To interpret an RA signal accurately, a full and well defined method of determining
the state of polarisation of the light reflected from the surface of the sample is
required. It is applicable to start with the definition of the electric field vector, E, of
a light wave that can be represented as the superposition of two orthogonalstates.
E(z,t) = E,(z,t) + E,(z,0) (2.2)
where
E,(z,t) = Ey, cos(kz - wt + o,) (2.3)
and
E, (Z,t) = Ey, cos(kz — wt + @,) (2.4)
The resulting wave, E, is therefore the vector sum of components,
E(z,t) = XE, cos(kz — wt) + JE, cos(kz — wt + 6) (2.5)
where Ep, and Eg, are the amplitudes of the waves in the x and y directions
respectively, k is the wavenumber, z is the position in space, w is the angular
frequency, ¢ is time, ¢, and ¢, are the phases of the wave x and y wavesrespectively
and 6 in equation 2.5 is the relative phase between the two components. Figure 2.2
showsthe states of polarisation and their corresponding normalised Jones vector
representations, where a is 45°. The Jones vector notation was devised by R. Clark
Jones in 1941 and it describes the state of polarisation of light in terms of the
electric field vector.
The Jones vector notation will now be used to describe the propagation of
the light through the RAS apparatus. The notation is only valid for polarised light
and is very succinct. The Xenon lamp emits light which is unpolarised, but the light
emerging from the polariser is observed in a definable polarisation state for the
remainder of its passage throughout the experimental system and thus the
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application of the Jones vector formalism is viable. The resulting wave E, written as
a Jones vectoris:
E ei
E(z,t) = rie)
oy (2.6)
where 6, and 4, are the appropriate phases. The magnitudes of Eo, and Eo, determine
the directions of polarisation, but if the magnitudes are equal (Eo, = Egy) and out of
phase by +7/2 the result becomesa state of circular polarisation. Figure 2.3 shows
that the magnitude remains constant but the direction of E alters over time and
follows a circular path with angular frequency o.
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If the resultant vector continuesto rotate in this mannerbut, also experiences
changes in magnitude, the resulting state is of elliptical polarisation. This occurs
when Eo, # Egy and the phase difference, 0, is a multiple of +/2 or when Ep, = Egy
but the phase difference, 0, is not a multiple of +s/2. The elliptical polarisation state
is illustrated in figure 2.4.
»X 
 
Figure 2.4: Elliptically polarised states.
Within RASthe light that is reflected from the sample will either be of a
circular polarisation state or an elliptically polarised state. The light reflected from
the bulk of the sample will be ofa circular polarisation state, but more significantly
to RAS,the surface anisotropy will induce anelliptical polarisation state. The PEM
then induces retardation into the elliptically polarised light in different directions.
The circularly polarised light, which arises from the bulk of the sample, will
propagate through the PEM without modification due to the intensity of its resultant
vector being the samein all phases. As the retardation only occursto theelliptically
polarised light, it is possible to extract harmonics from the amplitude modulation
giving information which only derives from the surface anisotropy.
With the use of Jones vector, M, which describes the effect of all the optical
components, the polarisation state of the light as it propagates through the system
can be tracked from the state of polarisation state incident to the system, £; , to the
state of polarisation of the light emerging from the system, Ey, and arriving at the
detector.
E, = ME; (2.7)
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The effect of each componenton the polarisation state of the light can be described
by a (2X2) matrix, which can then be combined to give the Jones matrix, M. For
notation purposesit is useful to describe the optical axes of each component. The
polariser and analyser have a transmission axis, ¢, and an extinction axes, e. The
PEM hasa fast, f, and a slow, s, axis. The sample axes (x,y) are taken to be in the
[1 10] and [001] surface directions. These axes define the reference frame for each
component. A rotation matrix, R, is used to convert the Jones vector representing the
polarisation state of the light to those of the optical component with which it is
interacting. |
cos(@) —sin(@)
R(6) ~ one oe) (2.8)
The orientations of the reference frames of the polariser, modulator and analyser are
specified by the azimuth angles P, M and A respectively. This correlates to the
transmission axes for the polariser and analyser and the fast axis of the modulator.
The azimuths are measured from the x direction of the sample and are defined as
positive for an anti-clockwise rotation. The first component the light is incident
upon, is the polariser. Once the light has passed through this componentit can be
assigned the Jones matrix 7P”,sinceit is in the fe reference frameofthepolariser.
1 0Tp = 2.9Flo 0 2.9)
This must then be multiplied by the rotation matrix R(P) so that it is in the xy plane
of the sample:
(2.10)R(PIT® = | cos P -oP ‘ _ | cosP |
-sinP cosP||0 0 -sinP 0
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Prior to reflecting from the surface the light will enter the electrochemicalcell via a
strain-free window. The orientation of the window axes are not known, and are
therefore assumed to coincide with that of the xy frame of the sample. As the
window will have somebirefringence, it will have an associated fast and slow axis
resulting in some retardation of the incident light beam between the twodirections.
This can be represented by:
1 0Taq von (2.11)
where, dyis the retardation ofthe incident beam by the window. 6 is defined by:
6 =——(n, -n,) (2.12)
where, d is the thickness of the material, 1 is the wavelength ofthe light, and n., no,
are the refractive indices of the extraordinary and ordinary directions of the material
respectively. Once reflection from the surface has taken place, the light will once
again exit the cell via passage through the window.This time the light will pass via
a different part of the window with an associated retardation dwo. The Jones matrix
for the surfaceis:
r, 0T;” = | | (2.13)
Once reflection from the surface has taken place the light will pass through the
PEM.Therotation matrix must once again be applied for the change from the xy to
the reference frame of the PEM.
Tif = | (2.14)1 O |ilcosM -sinM cosM -sinM0 e%|lsinM cosM — (e%« sin M) (c’*« cos M)
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The conversion to an amplitude modulated signal then occurs at the analyser
requiring the same matrix as applied for the polariser and once again the rotation
matrix.
0 O}}sin(A-M) cos(A-M)
_ cos(A-M) -sin(A- MM)eo |
T’R(A-M)= f olsmca a0 ons
(2.15)
The matrix for the polarisation state for the fully propagated light, M4, is obtained by
combining the matrices of each element. This must be donein the order which the
light interacts, since the matrices are non-commutative. Combining equations 2.10,
2.11, 2.13, 2.14 and 2.15 as follows:
M =T/R(A-M)TSR(M)T2,T2TFR(P)TEY (2.16)
Evaluating 2.16 gives:
0M = " | (2.17)
where:
a,, = (cos(A — M)cosM -sin(A - M)(e"™ sin M))\(r, cos P) -i 2.18)(-cos(A - M)sinM - sin(A - M)(A - M)(e"™ cos M))(r,e°"° e™" sin py
The values of the angles P, A and Musedare -45°, 0° and 45° respectively. Thus:
cos(+45°) = Jsin(0°) = 0,cos(0°) = 1,V2sin(+45°) =
1“TF
Inserting the above values into equation 2.18, gives:
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id idr, WO 9m
242 (l+e%")+2“SEE “ —1) (2.19)a, =
Since aj; is the only non-zero term in the system matrix, M, theinitial equation 2.7
a, O7f1 aE.= ll _{ “ul 2.20[0 ofol-(0) o9
The window termscan be simplified too:
lwo elm = eilSvo +57) = iow (2.21)
The total retardation induced by the windowstrain, althoughfinite, is small. Thusit
is possible to expand the exponential in terms of a powerseries:
(i6y) (iby) iy 143 Ow) laiew =1+idy + aI + 31 +...21+16y, (2.22)
Equation 2.19 becomes:
1 iy _s iya, = 5D I(° - r,) + (x, - r, Je - idwh, (1 -e ) (2.23)
The Fresnel coefficients r, and r, present in equation 2.23 are complex quantities
and can therefore be written in terms oftheir real and imaginary components:
r,=atib  r,=ctid (2.24)
The term relating to the retardation of the modulator can be written in a similar
mannerusing De Moivre’s theorem:
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eM = cos(d,,) + isin(6 ,, ) (2.25)
After some manipulation a); becomes:
(22)q, =a +i6 (2.26)
where a and f are the real and imaginary parts of a;;. Assuming that the detector and
monochromator are polarisation independent, then the polarisation of the light
beyond the analyser is no longer altered and only the time dependentintensity, at
each wavelength, is measured by the detector. The measured time dependent
intensity, J, is proportional to the square of E;, which dependson a1, thus:
| 2I« (22)a,| =a’ +p? (2:27)
Following some extensive algebraic manipulation, equation 2.27 becomes:
Te laf = a(2 +b? +(c? = a’) + (c? +a")3% |
+5(ad — dc) - (ac + bd)5y |sin(5y,) (2.28)
This may be written in the form:
1 =1,, +1, sin(6,, )+I,,, cos, ) (2.29)
The PEM variesthe retardation (dy) sinusoidally:
by, = a@(A)sin(at) (2.30)
20
where @ is the resonant angular frequency of the modulator and a(A) is the
modulation amplitude. 6 is proportional to the applied excitation voltage andit is a
function of the wavelength of light. The frequency components of the signal are
determined by the Fourier expansionsof the cos(éy) and sin(d,) terms:
cos(asin(ar)) = Jo(a) + 25 Jy, (a) cos(2nat) (2.31)
n=l
sin(a sin(wr)) = 2SJay10 sin((2n - loot) (2.32)
n=l
where J,(a) is the Bessel function of argument a and of order n. For the case of
Jo(a) =0, achieved by adjusting the voltage applied to the PEM, equation 2.29
becomes:
1=1,, +1,2J,asin(wt) + 1,,,2J,acos(2at) + .... (2.33)
The first term of equation 2.28 is time-independent, and this can be thought of as a
DC term. By comparing the terms in equation 2.28 and equation 2.33 the intensity
coefficients are determined. It is assumedthat for small surface anisotropies r, ~ r,
for additive terms. By considering only the first order window strain terms, the
normalised frequency terms are foundto be:
a 2(hel bf)
Lic ~—_  =* (2.34)
fo in(= - dy (2.35)I r
foo Re) (2.36)
dc r
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HenceIg, is a measureof the reflectivity. The imaginary part of (Ar/r) is measured at
frequency, w, and is found to be dependent on the first-order window strain term,
whereasthe signal at 2 measuresthe real part of (Ar/r) and is only sensitive to the
second order window strain term. As a result of this the majority of the RAS
measurements reported are of the real part of the RASsignal, since for imaginary
measurements windowstrain effects are substantial and make conclusions on the
probed system more complicated. Experimentally real and imaginary parts of the
signal are separated by their frequency dependence.
Errors
Error is introduced into the formulism by the possible misalignment of the optical
components and the sample. Any misalignment of the polarisation dependent
components will result in an offset of the measured Re (Ar/r). This offset does not
introduce new features but creates problems when quoting the absolute values of
Re(Ar/r). Changes in the measured spectra can be treated with more certainty. The
effects of misalignment have been studied in detail [13]. It was found that the
relationship between the polariser and modulator is very sensitive to misalignment,
but an analyser misalignmenthas less of an impact. The RA spectra are also found
to be sensitive to the anisotropy introduced by the low-strain window. Therefore a
window correction is required to be subtracted from the RA spectra to remove the
influence of the window.
2.3 Electrochemistry
Electrochemistry is the study of chemical reactions which involve the transfer of
electric charge between a chemical species and an electrode. Electron transfer at an
electrode is a molecular scale event that involves the movement of a negatively
charged species between the electrode and species in the solution. The potential
gradient at the surface instigates this process but, due to this occurring at such small
distances between the electrode andthe solution, the potential gradient can be in the
order of 10'° Vm"[14]. Understandingthe interfacial region of electrodes needs a
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comprehension of the influence of the potential field and the electrostatic
consequences, which are the movementof chargedionsin solution being attracted to
the surface, the structure of the adsorbed species and the effects that the potential
field has in that region. This region is the core of electrochemistry and a thorough
knowledgeofit is essential to the understanding ofthe kinetics of electron transfer.
In 1853, Hermann von Helmholtz created the term “electric double layer’ to
portray the solid/liquid interface. He suggested a model formed under the
assumption that no electrons are able to traverse the interface between the electrode
and the solution, in other wordsthat the interface contains no Faradic processes. The
resulting electrode surface preserveselectrical neutrality across the surface due to an
induced charge density of the electrode surface that is balanced by an equal yet
opposite charge density of the electrolyte. The opposing charge ofthe solution arises
from the redistribution of the electrolyte ions to the surface of the electrode. The
attracted anion approachesthe electrode at a distance that is defined by the solvation
shell of the ion. The modelis analogousto the one used to describe a parallel plate
capacitor of molecular dimensions consisting of two plates of equal yet opposite
charge with a linear potential drop between them. One of the plates is the metal
electrode that has its own surface excess charge, whereas the other plate is
accredited to the plane which passes through the centre of the solvated ionsat their
closest approach. This is knownas the Outer Helmholtz Plane (OHP).
Successive modifications to the model by Gouy [15,16], Chapman [17] and
Stern [18] and lastly by Grahame in 1947 [19], generates the current acknowledged
model as depicted in figure 2.5. It takes into account the electrostatic
attraction/repulsion of the ions to the electrode is opposed by the Brownian motion
in the solution. As Brownian motion results in the dispersion of excess charge, the
charge in the solution is spread over the diffuse layer as opposed to being
concentrated at the OHP. However, the distribution of this charge is not
homogeneousacross the diffuse layer, and the greater part of the chargeis situated
near to the electrode surface with a minority extending past the OHP.
For a complete picture of the interface, it is necessary to take into
consideration that there are two forms of adsorption onto the surface: non-specific
adsorption and specific adsorption. The ions that undergo non-specific adsorption
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are only held in position by electrostatic forces. Conversely, the solvated ions that
are specifically adsorbed are bound by weaksolvation shells, e.g. anions such as Cl
and Br, and they give away part of those solvation shells to form a chemical bond
with the surface of the electrode. The plane through the centre of the ions is defined
as the Inner Helmholtz Plane (IHP).
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Figure 2.5: A schematic illustration of a metal/electrolyte interface and a graphofthe potential drop
across the electrochemical interface. Adapted from [20].
For the non-specific adsorption of ions, a linear drop in potential across the
interface is assumed(red line in figure 2.5), whereas for specific adsorption there is
a steeper potential drop at the surface (purple line in figure 2.5) and an over-
shooting of the potential with respect to the bulk electrolyte value occurs. The
potentials @m, @s, @; and @2 correspondto potentials inside the metal, the electrolyte,
the IHP at Z; and the OHPat Z> respectively.
Whena potential is applied to the electrode in electrolyte its surface will
become more charged and the value of the surface charge will depend on the
electrode material, the electrolyte used and the potential applied. If the potential is
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made more negative, electrons will flow into the surface resulting in a negatively
shifting surface charge. Conversely, if the potential is made morepositive, electrons
will move out of the surface and its charge will becomeless negative and eventually
positive. This leads to the concept of the potential of zero charge (PZC), which is the
potential for a particular electrode/electrolyte combination where the surface has
neither positive nor negative charge. The model described previously describes the
surface in this state.
2.3.1 Measuring Electrode Potential
The reactions of interest in electrochemical systems occur at the workingelectrode.
It is, therefore, essential to be able to accurately control the potential drop across the
working-electrode/solution interface (Ww-Dgolution). However, direct measurement of
the absolute potential-difference across this interface is not possible. In a one-
electrode cell, for example, measurement of the potential drop attempted with a
standard digital voltmeter (DVM)is not possible since free-electrons will not pass
from the DVM probe to the solution and therefore it does not make electrical
contact. By introducing a second electrode the potential difference can be measured
between the two electrodes. However, this is an indirect measurement andis in fact
a difference of two metal/solution potential drops.
A® = (Detata) ~ iD
A® =@ ®D
-(® A®solution ) metal(B ) ~ solution ) (2.37)
metal(A)  ~ metal(B)
In a two-electrode set-up, if one of the electrodes represents a test system and the
other a reference system (reference electrode), then the potential difference is
written as:
A® = (A®,,., ~ A®gotution) ~ (AD,verence ~ A®tution) (2.38)
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The potential drop across a reference electrode/solution interface remains constant,
and the potential drop can now bewritten as:
A® = (®.,., ~ Dstation) ~ k (2.39)
wherek is a constant.
It is still not possible to directly probe the value of Dies: — Dsotution, but the
changesin this value can be determined. The use ofa reference electrode is thus an
importantpart of electrochemistry laboratory experiments. The experiments reported
in this thesis involve the application of an external potential difference across the
working electrode/solution interface. Set-ups using twoelectrodes are not applicable
here, since the current will be large. Large currents can alter the ionic concentration
in the solution and therefore the difference between the reference electrode and the
measured potential will no longer be constant. This problem is overcome by the
addition of a third “counter electrode” which allowsthe passage of current between
it and the working electrode, as opposed to the passage of current between the
working electrode and the reference electrode. For measurements in this thesis the
counterelectrodeis a piece of platinum gauze given its inert nature and large surface
area.
2.3.2 The Electrochemical Cell
A purpose built three electrode spectro-electrochemical cell (figure 2.6) is used for
the RAS experiments described in this thesis. A standard calomel electrode (SCE),
consisting of Hg/Hg2SO,4 in saturated aqueous KCl is used as the reference
electrode. The reference electrode is separated from the electrochemical cell by a
closed Teflon tap to prevent chloride contamination with a luggin capillary to
minimise the distance between the working electrode and the reference electrode to
avoid the potential drop. Voltages throughoutthis thesis are quoted versus SCE. The
light from the RAS instrument entersthe cell through the low-strain silica window at
the front of the cell. Argon gas is bubbled into the electrochemical cell to de-gas the
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cell and prevent oxygen contamination ofthe electrolyte. The luggin capillary used
to reduce the effective distance between the reference and workingelectrodesis not
shownin figure 2.6.
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Figure 2.6: A schematic [21] and pictures of the electrochemical cell.
2.4 Crystal Preparation
The Au(110) crystals used throughout the research reported in this thesis are single
crystals of 99.999% purity in the form of discs of diameter 10 mm, thickness 2 mm,
with an exposed area of 0.5 cm’ and are oriented to an accuracyof 0.1°. Prior to the
experiments, the crystals were mechanically polished to 0.25 um using cycles of
diamond paste of 6 um, 1 um, and 0.25 um and cleaned in an ultrasonic bath. A
butane micro-torch wasthen used to flame annealthe crystals. This involved heating
the crystals in the flame until it glowed orange, and then allowingit to cool before
repeating the process 15 times [7,22]. This is the case for all experiments presented
in this thesis. Following the flame annealthe crystal was cooledin air before putting
in ultra-pure water (Millipore Q System, 18 MQ cm) and then transferred to the
electrochemicalcell.
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2.5 Ultra-Violet Reflection Anisotropy Spectrometer
The majority of RAS studies are undertaken using the photo-elastic modulated
spectrometer based on the Aspnes design [6,23,24] and are carried out over the
spectral range 1.5 eV to 5.5 eV. The reason for the above range seemsto be partly
historical, as the RAS technique wasoriginally developed for, and applied to, the
study of semiconductor surfaces [6,23-25], and partly on the ability of readily
available optical components to cover a widespectral range with a single instrument.
With RASestablished as a highly sensitive and reproducible method for
identifying molecular interactions at surfaces [8,9,26-32] in addition to monitoring
semiconductorsurfaces usually in a gaseous ambient, it has now been used to probe
the interactions of nucleic acid bases [11,33] and amino acids [10] at
Au(110)/electrolyte interfaces and to monitor the adsorption of ss-DNA and ds-DNA
at Au(110)/electrolyte interfaces [34,35]. The latter work showed that both ss-DNA
and ds-DNA bind to the gold surface and that RAS could detect the bound
molecules. Howeverin order to study the more intense optical transitions that occur
in DNA requires an instrument that will go up to 7.0 eV [32,3637] and circular
dichroism (CD) studies confirm that the most sensitive region of the spectrum for
distinguishing between DNA sequencesis around 180 nm (~ 7.0 eV) [38]. However
the present RA spectrometers generally cover the range 1.5 eV to 5.5 eV.
Recent advances in the technique of SE have allowed measurements up to
10.0 eV; this is obtained using synchrotron radiation as its source [39,40]. Research
on nucleic acids adsorbed on diamond [32] and Si(111) surfaces [36,37] has also
been carried out using synchrotron based ellipsometric techniques. While these
studies have revealed useful information on the far UV optical spectra of biological
molecules the synchrotron studies require a UHV environment. This is a
considerable limitation since biological molecules require a liquid environment in
order to exhibit their functional behaviour which is one of the main motivations for
studying them. This subsection describes the development of a RASinstrument in
close collaboration with Dr. Trevor Farrell. The new UV RAS instrument in
combination with a low energy instrument, provides RA spectra from 1.5 eV to
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7.0 eV. The overall aim is to enable RASstudies of bio-molecules on Au/electrolyte
interfaces where the optical transitions are most intense and in preparation for such
studies the new instrument wasused to obtain an extended range RA spectrum ofthe
commonly used Au(110)/electrolyte interface [7,10,11,33-35].
In seeking to extend the range of RAS measurements the following factors
need to be considered. Of the prism polarisers in commonuse for wide range spectral
studies the Glan type are restricted to calcite, imposing an upper limit of about
5.5 eV. Quartz enables the range to be extended to about 6.0 eV but beam-splitting
polarisers such as Rochon, Woolaston or Sernamont prisms must be used. The range
can be extended to beyond 7.0 eV if magnesium fluoride beam splitting polariser
prismsare used.
The usual light source for RAS studies is the short arc Xenon lamp which
whenencapsulated in a fusedsilica tube provides a constant intensity light output up
to about 4.0 eV and then falling steadily to about 6.2 eV. Light is absorbedin airat
energies above 6.5 eV and thus overlap of orders experienced with extended range
gratings does not occur at energies above 3.3 eV. The falling characteristics of the
lamp output together with the lower intensity of the higher orders mitigate against
order overlap being a problem for lower energies. Beyond 5.5 eV it is preferable to
use a deuterium lamp and if energies greater than 6.2 eV are to be studied then a
magnesium fluoride window is required. However such a lampis not suitable for
energies lower than 3.0 eV. Since the light output of the deuterium lamp increases
with increasing energy from 3.0 eV this can result in problems due to the overlap of
orders.
For these reasons it appears that for optimal results over an extended range
two instruments are required and a UV instrument based on the Aspnes design
[23,24] and situated in an argonfilled glove box was developedfor this purpose. The
lamp and detector combination placed an effective lowerlimit to the energy range of
4.0 eV whilst residual air in the glove box coupled with the long optical path
imposed an effective upper limit of 7.2 eV. Thus order overlap was not a problem.
Whenthe sample was immersed in aqueouselectrolyte the upper limit was reduced
by absorption in the liquid depending on the depth of immersion; typically the limit
was 6.9 eV.A list of the components that are used for the two spectrometers is given
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in table 2.1. All mirrors in both spectrometers were front-faced coated UV enhanced
 
aluminium.
Optical Item UV-VIS Spectrometer Far UV Spectrometer
Light Source Hamamatsau Short Arc Xenon Hamamatsu Deuterium
Discharge Lamp Lamp
Polariser/Analyser Quartz Rochon Prisms Halbo MgF Sernamont Prisms
Optics & Carl Lambrecht Halbo Optics
PEM Hinds PEM90 Quartz Hinds PEM 90 CaF,
Optical Head Optical Head
Monochromator Jobin Yvon H10 Jobin Yvon H20
Detector Hamamatsu R955 Hamamatsu R8486
 
Table 2.1: A list of components and manufactures used in the RA spectrometers.
The use of two spectrometers to provide a single continuous spectrum over
an extended range requires an overlap of each spectrometer’s individual range sothat
matching may be accomplished. This is important since different light sources,
detectors and amplifiers and polarisers are used in the two instruments. Matching is
facilitated if there is a strong feature in the overlap region. The ranges of the two
spectrometers used are:
UV-VIS 1.5eV—5.5 eV
Far UV 4.0 eV—7.2 eV
The overlap rangeis 4.2 eV to 5.0 eV.
The 4.3 eV peak in the Si(110) spectrum sits comfortably in this range and
spectra of Si(110) in the two spectrometers enables the scaling factor which is a
correction for the difference in sensitivity of the two instruments, to be obtained.
However the determination of the scaling factor alone is insufficient to obtain the
best match. A translation along the intensity axis is also required. This arises because
of the difficulty in defining the true zero base line of Re(Ar/r) which is compounded
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when two different instruments are used. The polariser angle P is predetermined by
the Jones vector analysis [41] but changes in P of minutes of arc can shift the
baseline significantly. Whilst using a micrometer adjustmentin the polariser mounts
it is unlikely that the two polarisers will be set at precisely the same angle. With the
UV-VIS spectrometer, P is set so that Re(Ar/r) is near zero at 2.4 eV since there are
no spectral features in Si at this energy and when the sample is rotated through 90°
the two spectra are, as expected [42] mirror images of each other with the line of
reflection being very close to Re(Ar/r) = 0 over the whole range. Since 2.4 eV is
outside the range of the far UV spectrometer, the Re(Ar/r) of this instrumentis set to
near zero (before the scaling factor was applied) at 6.0eV as in preliminary
experiments where no features in the Si(110) spectrum were observed near this
energy. Since 6.0 eV is outside the range of the UV-VIS spectrometer, it is likely
therefore that there will be a small error in these zero settings which will be manifest
as a displacement of one spectrum with respectto the other. A translation of Re(Ar/r)
= 0.7x10° applied to the spectrum from the far UV instrument gave an extremely
good match, as shownin figure 2.7.
It should be recognised that in the above matching procedure the scaling
factor is constant irrespective of the materials being studied but the translation factor
may differ, depending on the polariser angles.
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Figure 2.7 Matching the two spectrometers using Si(110) in the UV-VIS(blue line), the UV
(green line) and the translated UV(redline).
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Chapter 3
The Au(110) Surface
An understanding of the Au(110) surface is a crucial prerequisite for the use of RAS
to monitor the behaviour of biological molecules adsorbed at an Au(110)/electrolyte
interface. This chapter works through the previous studies of the Au(110) surface
both in UHV andelectrochemical environments and discusses the electronic and
physical structure of the surface. This chapter also introduces the three-phase model
which is used in RASsimulations of the Au(110) surface and includes summaries of
recent studies of the behaviour of the Au(110) surface reconstructions in varying
electrolytes and electrode potentials.
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3.1 Introduction
In this work a cubic crystal is used to obtain surface specificity, although amorphous
substrates can also give rise to surface specificity. The Au(110) surface that is used
throughout this thesis is one of the low index faces of the gold face centred cubic
(FCC) crystal structure. Following the flame annealing preparation methods
described in section 2.4, the Au(110) adopts the (1 x 2) reconstruction, alternatively
known as the “missing row” reconstruction that is discussed in greater detail in
section 3.3. The (1X2) reconstruction has the anisotropic structure required for
monitoring surface sensitivity using RAS andthis intrinsic anisotropy givesrise to
an RA spectrum with substantial well-defined features. Conversely, the other low
index faces of gold; the unreconstructed (100) and (111), have inherently isotropic
surface structures which do not yield RA spectra.
The flame annealing process that is used to prepare the Au(110) crystals
allows the sample to be prepared in conditions outside of a UHV environment. In
particular this method of specimen preparation yields single crystal electrodes
within electrochemical environments and facilitates the investigations of the
adsorption of biological molecules which are discussedin this thesis.
3.2 Surface Phase Transitions
Phase transitions can occur in many physical systems. These transitions belong to
two broad categories. There are the first-order transitions which are characterised by
latent heats and arise primarily through “mixed phase” regimes wherebyparts of the
system have successfully undergone the transition but others are yet to achieve this
state; an example of this type of system is the solid/liquid/gas transitions. Second-
order transitions, sometimes known as continuous phasetransitions, do not have a
latent heat. This category of phase transitions includes the transitions to the
superconducting and superfluid states when the temperature is lowered in some
metals andin liquid He.
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Phase transitions result from the tendency of systems in thermodynamic
equilibrium, at constant temperature and volume, to minimisetheir free energy,F.
F =U-TS (3.1)
Thetransitions arise at specific temperatures at whichthe free energy can be divided
between the internal energy, U(T), and the entropy of the system, S(T), in different
ways. To characterise a phasetransition, it is necessary to define order parameters.
These order parameters capture the change in the order of the system as the
transition temperature, Tc, is reached. For second-order transitions, the order
parameter varies by (T-To)’, where 8,the critical exponent, depends solely on the
dimensionality of the order parameter, the dimensionality of space and the
symmetry of the system.
3.3. The Physical Structure of the Au(110) Surface
The following subsections consider the Au(110) surface and the phase transition
between the (12) surface reconstruction and the (1X1) surface structure. This
phase transition can be stimulated by means of thermal treatment under UHV
conditions or by the potentiostatic control encountered within an electrochemical
cell.
The phasetransition of the Au(110) surface has evoked considerable interest
and a summary of previous investigations into the transition is given in this section,
since it is important to have knowledge ofthe transitional behaviour of the Au(110)
surface under various environments in order to understand the RA spectral profiles
of the system as functions of applied electrode potential and sample temperature.
The backgroundliterature of the conformational changes to the surface, experienced
in both UHV and electrochemical environments, has been reviewed extensively by
N. J. Almond [1] and A. Bowfield [2]. Their findings will be summarised in the
following section together with more recent work.
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3.3.1 Au(i10) in UHV
Figure 3.1 shows a schematic of some of the low Miller index surfaces. Of the low
Miller index surfaces, the (110) surface is the most open of a FCC crystal and
because of this the (110) surface have the lowest atomic density and highest surface
energy. This causes the (110) surface to have a susceptibility to reconstruct. An
unreconstructed Au(110) surface is called the (1 x 1) surface structure, which reveals
the atoms exposed when a FCCcrystal is cut through the (110) plane.
 
  
        
(001) (100) (010)
   
  
(101) (110) (011)
       
Figure 3.1: A schematic of some of the low index Miller surfaces.
Figure 3.2 (a) shows this unreconstructed (1X1) surface structure,
highlighting the rows of gold atoms. The most commonreconstruction is the (1X2)
reconstruction. This configuration results from the removal of every other row of
gold atoms alongthe [110] direction. This reconstruction is shown in figure 3.2 (b).
<—— [001] ——>
 
Figure 3.2 (a): A schematic of the Au(110)-(1 Xx 1) reconstruction.
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 Figure 3.2 (b): A schematic of the Au(110)-(1 x 2) reconstruction.
The first technique used to reveal the (1 x2) surface reconstruction [3,4] was
LEEDandthis showed a reversible temperature dependent phasetransition between
the (1x2) and the (1 x1) surface reconstructions in UHV conditions. In order for
this transition to occur, a large scale reorganisation of the surface atoms needs to
take place. Numerous models were given for this rearrangement, with each of them
being tested [5] on the Ir(110)-(1 x2) surface. Various models of the reconstructions
were suggested including the paired rows model, the buckled surface model and the
missing row model. The latter of these models was found to be the most probable
after an R-factor analysis of X-Ray Diffraction (XRD) [6] results. At first sight the
transition between the (1 <1) surface structure and the (1 <2) reconstruction would
seem to require one half of the Au atoms on the surface to relocate by diffusion.
Howevera comparison ofthetransition times andthe self diffusion times revealed a
‘mass transport problem’ [7,8]. The transitions were too fast to be effected by the
long range diffusion. Binnig ef a/ [9] published an STM image which confirmed the
missing row model of the (1 x2) reconstruction. This model requires the removal of
every second row of atoms along the [1 10] direction, exposing (111) microfacets
between the rows. It was suggested that the creation of the (111) microfacets
facilitates the reconstruction by creating a more energetically stable surface
structure. If two rows are removed from the (1 <1) surface instead of just one, the
surface adopts a (1 X3) reconstruction which exposes greater (111) microfacets. The
(1 x3) surface reconstruction is shown in figure 3.3. STM studies have given an
insight into the dynamics of surface structure throughout the (1 x 1) to (1x2) phase
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transition. Studies have shown [10-16] the step structure to be of high importance to
the phasetransitions, whereby the mesoscopic “fish scale pattern” on the surface has
been seen. The fish scale pattern relates to the anti-phase boundaries arising from
the (111) step edges [14].
<—— [001] —~>
 
Figure 3.3: A schematic of the Au(110)-(1 x3) reconstruction.
Monatomic steps on the Au(110) surface are restricted to the [1 10] direction
as steps along the [100] are impeded at room temperatures thus promoting the
growth of large terraces. A disordered lattice gas phase model [17] was used to
understandpart of the (1X2) to (1 x 1) phase transition. The model only works if the
surface only contains wall defects. If only steps were found on the surface then a
rougheningtransition occurs. Regular surface step densities suggest a solution to the
mass transport problem. If half of the surface atoms move as the surface changes
from the (1X2) surface structure to the (1 <1) surface structure, this indicates that
the movement of steps and the growth of terraces on such a large scale would
manifest itself in fluctuating step densities. Thus if one considers the (1 x 1) surface
structure to be madeup ofa disordered half monolayer of surface atomsthen all that
is required to solve the mass transport problem associated with the (1 x1) to (12)
phase transition is for one half of the surface atoms to move on the order of one
atomic space. As wall defects and steps are on the Au(110) surface, as the
temperature is increased, the surface first undergoes a 2D Ising transition at a
surface deconstruction temperature (Tp) followed by a rougheningtransition at a
higher temperature (Tr). Figure 3.4 shows the excitations on the Au(110)-(1 x2)
surface with Ising and rougheningtransitions [18].
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Figure 3.4: The excitations on the Au(110)-(1 x2) surface structure taken from [18]. The heavy lines
in (a) and(b) represent Ising-like excitations whereas in (c) to (f) they represent roughening
transitions.
It is clear from models of the (1 <2) reconstruction and confirmed by the
results of STM studies that terraces that adopt the (1 x2) reconstruction cannot be
terminated by (111) microfacets on both sides of a step along the [1 10] direction.
Instead one side of such terraces must be terminated by a (1 <3) reconstruction that
correspondsto an anti-phase boundary between (1 <2) regions. It was foundthat the
(1x2) surface reconstruction was stable at high temperatures close to Tp in the
interior of terrace regions [15,19]. The effect of the deconstruction transition is to
disorder the step edges.It is found that the temperature at which the (1 x 1) to (1 x2)
reconstruction occurs varies significantly; 850 K to 1080 K for different specimens,
a result that is attributed to variations in crystal quality, crystal size and sample
preparation.
Other 5d FCC metals such as Iridium, Ir, and Platinum, Pt, have the same
(1X2) surface structure as Au(110) [20,21] in UHV environments. Thestabilisation
of the (1X1) surface and the (1x2) surface reconstructions is determined by a
balance between the reduction in kinetic energy, KE, of the s-p electrons [22], which
is enhanced by the formation of (111) microfacets, and the increase in surface
formed by the breaking of bonds necessitated by the formation of these facets. On
the contrary, isoelectronic 3d and 4d FCCtransition and noble metals do not exhibit
a (1X2) reconstruction. These metals, such as Nickel, Ni, Copper, Cu and
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Palladium, Pd, maintain the (1X1) surface structure when exposed to the same
conditions.
The (1X2) surface reconstruction has been observed on Ag(110) as a result
of the adsorption of sub-monolayer proportions of Potassium, K, [23]. This result
has been attributed to charge transfer from the alkali metal atoms to the surface
which increases the surface electronic charge density of the s-p surface electrons,
and therefore leading to the need to reduce kinetic energy and reconstruct as the
(1 x2) surface structure.
3.3.2 The Electrochemistry of Au(110)
Asa result of a variety of studies we now havea clear understanding of the (1 x 1) to
(1X2) phase transition of the Au(110) surface in UHV. However the behaviour of
the Au(110) surface under an electrochemical environment is much moredifficult to
comprehend becauseofthe presenceofthe electrolyte. Important information on the
Au(110) surface under electrochemical conditions has been obtained from
electrochemical STM techniques. A study of an Au(110) electrode in aqueous
perchloric acid (HC1O«4) [24] demonstrated that the Au(110) surface shows similar
behaviour when the applied potential was negative of the PZC to that observed by
changes in temperature in a UHV environment. The PZC correspondsto the value of
potential where the solid electrode in electrolyte has a zero net electrical charge on
the surface. At an applied potential of -0.02 V vs. SCE, the Au(110) surface was
found to be predominantly made up of (1x2) domains, but there were also small
regions of the (1 x3) surface reconstruction. When the applied potential was taken to
-0.3 V, the (1 <2) plus (1 <3) structure was maintained. As in UHV conditions, the
surface electronic charge density will be negative at the -0.02 V potential and this
promotes the (1 x 1) to (1 x2) phase transition in order to reduce the surface kinetic
energy. A reversible transition to the unreconstructed (1 <1) surface structure on a
time scale of two seconds,is driven by the reduction in atomic density of the surface
and facilitated by the requirement of only short range motion of the atoms.
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A study of the Au(110) surface in perchloric acid and sulfuric acid (H2SO«)
[24] showed 700 A terraces of the (1X2) structure separated by monatomic steps.
However these results revealed interesting differences between UHV and
electrochemical environments. In an electrochemical environment anisotropic
islands were dispersed across half of the terraces on the Au(110) surface, therefore
creating only a few small regions of perfect (1x2) reconstruction. The (1 x2)
reconstructions were maintained at voltages below +0.05 V, however at +0.25 V the
unreconstructed (1 x 1) surface was adopted. Between the twopotentials, the surface
consisted of a mixture of (1 x 1) and (1 2) regions.
The potential at which the (1 <2) reconstruction is adopted is found [25] to
be 0.3 V greater than the result presented by Gao ef al [24]. The applied potentials
close to the PZC were expected to give the most prevalent reconstruction which
equates to that found in UHV conditions. At potentials greater than +0.2 V, steps
occurred as well as holes and isotropically shaped islands. The positions of the holes
correspondto the positions of the anisotropic islands that were found on the (1 x2)
reconstruction. At potentials of +0.8 V the surfaces roughen due to the substrate
being oxidised.
The (111) microfacets aid the step structure stabilisation in electrochemical
environments, even though the regions of (1X2) reconstruction are smaller than
those found in UHV conditions. Magnussen ef al [25] and a previous study [12]
agree that anti-phase domain boundaries separate the (1 x2) terraces, suggesting that
the (1 x3) domainsplay a vital part in the phasetransition.
Ockoet al [26] obtained results from a surface X-ray scattering study that
showed a reconstructed Au(110) surface in HC1O, at 0.0 V vs. SCE and the Au(110)
surface was primarily made up of regions of (1X2) with a few (13) domains.
Various halide salt solutions were examined and they resulted in the (1X3)
reconstructions at significantly negative voltages. However, at positive voltages the
surface adopted the (1 <1) unreconstructed structure. No (1 <2) reconstruction was
found betweenthese two voltage regions. This direct transition from a (1 <3) phase
to a (1X1) phase has been found in UHV following the adsorption of minor amounts
of alkali metals [27]. This and other work [28-30], supports the argument that at
sufficiently negative surface charge the (1 x3) surface reconstruction occurs. These
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studies suggest that the Au(110) surface takes the form of the (1 x2) reconstruction
when approaching voltages of the PZC and that the surface adopts the (11)
structure at more positive potentials. When immersed in alkaline solutions, the
Au(110) adopts the (1x3) reconstruction due to greater negative excess charges
within the electrolyte. To date is it unknown as to why in these conditions there is
direct movement from the (1 <3) structure to the (1 x 1) structure, whilst avoiding an
intermediate (1 <2) structure.
The fact that such intricate changes occur in the Au(110) surface structure
emphasizes the importance of the varying mechanisms that promote surface phase
transitions. Almost all of the experiments reported in this thesis are performed on
Au(110) samples in liquid environments. The (111) microfacets are the key to the
surface reconstructions and the adsorption of some biological molecules. In this
work RASis used to monitor these reconstructions and their corresponding optical
responses. In order to understand the RA spectra of the Au(110) surface it is first
necessary to understand the electronic structure ofthe surface.
3.4 The Electronic Structure of the Au(110) Surface
The RA spectrum of the Au(110) surface has been interpreted in terms of single
particle excitations betweenstates in its band structure. Someinsightinto the optical
spectrum of the Au(110) surface can be obtained from electroreflectance
spectroscopy (ERS). The ERS experiments [31] showed that the Au(110) surface
wasoptically anisotropic when reconstructed. Liu et al [32] used ERSto investigate
the optical transitions that occur on the low Miller index surfaces of gold. The data
obtained were compared to theoretical results obtained from pseudo-potential
calculations of the bulk and surface electronic structure. The theoretical results
revealed the presence of surface states at particular symmetry points in the Surface
Brillouin Zone (SBZ) and assumed a (1X1) unreconstructed surface. Ho et al [22]
and Xu et al [33] extended the theoretical studies to include a (1X2) surface
reconstruction thus halving the SBZ yielding results for the surface electronic
structure supported by photoemission measurements [34]. Figure 3.5 is a
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representation of the electronic structure of the Au(110) surface calculated by Xu et
al [33].
 
  
 
   
Figure 3.5 (a): The calculated electronic structure of Au(110) taken from Xuet al[33].
(1x1) surface structure
(Lx 2} surface reconstruction
Figure 3.5 (b): The calculated electronic structure of Au(110) taken from Xuet al[33].
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The centre of the SBZis called the I point. The point at the edge of the SBZ
in reciprocal space, which is perpendicular to the I point andin the [100] direction
is called the Y point. These points are shown in figure 3.5 (b) and how thesize of
the SBZ varies between the surface reconstructions. Similarly, the point
perpendicular to the Tr point but in the [110] direction is called the 4 point. Only
certain transitions can occur at the X and Ypoints. If the transition has the correct
energy at a point in reciprocal space, the polarisation that excites that transition
depends on the symmetry andparity ofthe initial and final states. The condition that
the orbital quantum number obeys, A? = +1, for an allowed optical transition must
also be satisfied. This means that a transition only occurs at a point in reciprocal
space when the twostates involved in a transition are respectively even and odd
with respect to reflection in a plane perpendicular to the polarisation of the E vector
of the incidentlight.
3.5 RASof the Au(110) Surface
To understand the RA spectra of the Au(110) surface reported in this thesis,
theoretical simulations are required to support experimental results and to suggest
further investigations. As the technique of RASis still in its infancy there are no
calculations of the RAS of the Au(110) surface from first principles.
3.5.1 Early RAS Studies of Au(110)
Early RAS work recorded the optical response of Ag(110) and Au(110) surfaces
[35] and a sample RA spectrum of the Au(110)-(1 x2) surface in UHV is shown in
figure 3.6 (a). The primary RA spectrum of the Au(110) surface under ambient
conditions was published in conjunction with a theoretical model based on the
surface local-field effect (SLFE). The RA spectrum obtained in that work differs
considerably from those produced by modern RA spectrometers. Surface sensitive
RASprofiles of cubic crystals like the Au(110) surface can now be produced
experimentally. Some initial calculations explained the electronic structure of the
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Au(110) surface in UHV but they were unable to simulate the experimental RA
spectra [36], however, reference 36 did show that the (1x1) to (1X2) phase
transition was accompanied by an increase in the spectral feature at 2.5 eV. This
increase is accredited to the screened local field on d-bandtransitions.
Mazine ef al [37] disagreed with the results of the local field theory. Their
STM and RASstudy of Au(110) in sulfuric acid describes a decrease in the 2.5 eV
feature in an electrochemical environmentat -0.2 V. This result was due to a “poorly
reconstructed” (1x2) reconstruction, but in a further publication [38], the same
authors describe a RA spectrum as an “optical fingerprint” of the Au(110)-(1 x2)
reconstruction. The RA spectra from each ofthe studies carried out by Mazine and
co workers [37,38] were very similar. Weightman eft a/ [39] suggested the
inconsistency in the labelling of the RA spectra in [37,38] occurred because of the
change in surface morphology of the gold specimens used in each experiment.
Figure 3.6 (a) shows the RA spectral profile of an Au(110) sample under
UHVconditions. It shows a positive feature between the energies of 1.5 eV and
2.3 eV, negative features arising at 2.5 eV and 3.5 eV andfinally a positive feature
between the energies of 4.0 eV and 5.0 eV. Thefirst three features of the Au(110)
RA spectrum described above and the origin of those features has been attributed to
transitions occurring betweenstates in the electronic structure of the surface and the
few layers of atoms directly beneath the surface. The positive feature which begins
at 4.0 eV requires deeper analysis. Martin et al [21] used RASin association with
STM andestablished that the positive feature found in an Au(110) RA spectrum
starting at 4.0 eV wascorrelated with surface steps. Consequently this positive peak
wasattributed to the existence of monatomic highsteps alignedparallel to the [1 10]
axis of the Au(110). Figure 3.6 (b) is the STM image taken of the Au (110) sample
under UHV conditions, displaying the (1x2) surface reconstruction and the
monatomic steps. Figure 3.6 (b) corresponds to the RA spectrum offigure 3.6 (a).
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Figure 3.6 (a): RA profile of the Au(110) crystal the STM ofthe surface of which is shownin (b).
From Martinef al [21].
 
Figure 3.6 (b): STM image of Au(110) in UHVafter annealing showing the monatomic steps and
large terraces associated with the (1x2) reconstruction (100nm <x 40nm). From Martin e¢ al [21].
3.5.2 Interpreting the RAS of Au(110)
Sheridan et al [40] analysed the RA spectrum of the Au(110)-(1 x2) surface in terms
of optical transitions between states at the T and X points of the SBZ which were
obtained from first principle calculations [33]. The results of the calculations of the
surface electronic structure of Au(110) [33] had been compared with results
obtained by inverse photoemission experiments [41]. It was suggested that the peak
which features at ~2.5 eV on the RA spectrum arises from a transition at the I’ point
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between an unoccupied surface resonance of odd symmetry, derived from states of
yz character, and an empty surface state that lies ~0.3 eV above the Fermi energy.It
has been suggested that the region of the RA spectrum between 1.5 eV and 2.5 eV is
sensitive to variations in the Au(110) surface electronic or physical structure
because of a contribution to the optical response from a surface state [31]. The
feature of the RA spectrum which occurs at ~3.5 eV wasattributed to a transition
between an empty state of even symmetry and mainly sp character, and a state of
odd symmetry that is d derived. This feature at ~3.5 eV is not as sensitive to surface
alterations as the feature at ~2.5 eV, a finding thatis attributed to the states involved
having significant contributions from the secondary layer of atoms.
3.5.3 Further Work on Au(110)
Following on from this investigation [40], the Au(110) surface was treated to a
course of Argon ion bombardment for specific durations of time and was
periodically probed by LEED, RAS and STM [21]. After just three minutes of
exposure to Ar ions, the 3.5 eV feature was no longer visible on the RA spectra.
After a similar period of time, the long step structures observed by STM onthe
clean Au(110) are no longer visible, suggesting they are sensitive to the surface
morphology. Also, after only three minutes of bombardment, the spectral feature
between 4.0 eV and 5.0 eVis lost, causing the RA spectrum of Au(110) to plateau in
this energy region. The removalofthe step structures by Ar ion bombardment was
also observed in the RASstudy of Cu(110) [42].
The region 1.5 eV to 2.3 eV of the Au(110) RA spectrum also undergoes a
reduction in intensity corresponding to a reduction of surface layer anisotropy,
leading to a smaller contribution from the surface state to the RA spectrum
following Ar ion bombardment. Despite its loss in intensity, the peak at 2.5 eV
maintains its definition after 36 minutes of bombardment, indicating the slow
emergence of the (1x1) surface structure from the (1X2) reconstruction. These
studies highlight the sensitivity of the 2.5 eV peak to the surface reconstructions but
also its resistance to effects caused by the alteration of surface roughness. After
50
bombardment the Au(110) surface is different to the truncated surfaces of the
reconstructed (12) and (1X3) surfaces. The contributions from the second and
third layers are more likely to be disordered and do not give rise to any surface
anisotropy. A reduced surface anisotropy leads to the removal of the surface
modified bulk states. These bulk states contribute to the 2.5 eV region of the
Au(110) RA spectrum. This interpretation is supported by previousstudies [18,36]
that suggest this feature of the RA spectrum is the result of inter-band transitions
involving bulk d bands.
3.5.4 Thermal Studies of Au(110) in UHV
The temperature dependence of the RAS of the Au(110) surface in UHV has been
studied by two groups [20,43]. It was found that the RAS features of the Au(110)
surface becameless defined as the temperature of the sample was increased to 800 K
[20] and 1000 K [43] corresponding to temperatures which exceed both the Tc and
Tr for this surface. The energies of features at 1.8 eV, 2.5 eV, 3.5 eV and 4.5 eV
were monitored as a function of temperature. The feature at 1.8 eV was unchanged
by the variation of sample temperature, although the region of the RA spectra
between 1.8 eV and 2.5 eV, which is thought to have contributions from transitions
involving surface states, does reduce in intensity, once again reinforcing the idea of
disordering of the surface atomic structure throughout the phase transition that is
anticipated in this temperature range. The feature at 2.5eV is unchanged to
temperatures of 580 K but experiences a slight increase in energy when the sample
exceeds that temperature. When approaching the Tr, between 700 and 815 K, the
2.5 eV feature broadens to the point whereit is no longer well defined. The features
at 3.5 eV and 4.5 eV change markedly as the temperature is increased. Both features
undergo significant broadening suggesting that the two features are linked in some
way. In addition to the broadening of the 3.5 eV peak experiences a shift in peak
energy to approximately 3.1 eV as the temperature of the Au(110) sample is taken
towards the Tr.
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The results obtained in the temperature variation experiments [43] were
analysed using a model derived by Russow ef al [44] and were found to be
consistent with a thermovariation spectroscopy investigation [45] whereby the
primary features of the bulk dielectric constant, e, of the Au(110) sample are
attributed to interbandtransitions situated close to the L point of the bulk Brillouin
Zone (BZ). The agreement of the temperature dependent RAS results and the
thermovariation spectroscopy results makes it possible to attribute the 3.5 eV and
4.5 eV features observed on the Au(110) RAS profile to specific transitions; the
Er—-L3 and L’,—L", transitions respectively. This correlation leads to the
conclusion that the region of the Au(110) RASprofile between 2.5 eV and 4.5 eV
originates from transitions involving surface modified bulkstates.
3.5.5 Deposition on Au(110)
The underpotential deposition (UPD) of Cu onto Au surfaces has been investigated
[46-52]. Smith et al [52] used RASto study an Au(110) sample in a mixture of
sulphuric acid and copper (II) sulphate (H2SO./CuSO,). In this study the optical
response of the system was monitored as the potential was varied through an array
of applied positive potentials. The study showed that at +0.1 V vs SCE, the RAS
corresponds to one monolayer of Cu adsorbed at the interface but at an applied
potential of +0.4 V vs SCE the RAS is used to show that there was no Cu
adsorption. Determining whether the Cu adsorption occurs is dependent on the Au
surface reconstruction. Cu adsorbson the (1 x2) surface reconstruction which occurs
at +0.1 V vs SCE, but Cu does not adsorb at +0.4 V vs SCE when the Au surface
now consists primarily of the unreconstructed (1 x 1) surface structure. The idea that
the surface structure effects the Cu adsorption is suggested from the changes
observed in the RASprofiles; more specifically the increase in the 3.5 eV feature
and the small decrease in the feature at 2.5 eV. Data of the Au(110) surface in
H»SO, at +0.1 V vs SCE and + 0.4 V vs SCE, both with and without the CuSOu,
indicated that the variationsin optical response were due to the UPD layer andnot to
a more reconstructed surface. The Cu layer causes the termination ofthe top layer of
De
Au atoms causing the surface of the Au to act more like bulk material, thus leading
to the increase of the 3.5 eV feature. A two monolayer deposition of Pd onto the
Au(110) surface was found to migrate below the surface of the Au [53], which
resulted in a decrease in the intensity of the feature found at 3.5 eV probably
because the Au/Pd mixedlayer did not have an ordered anisotropy. N. J. Almond[1]
used the three phase model to analyse the changes observedin the Cu study [52] and
attributed these changesto a (1 X 1) to (1 <2) phase transition underelectrolyte. This
result indicates that the UPD of Cu onto the Au(110) surface does not inhibit the
phasetransition.
The studies discussed in this subsection demonstrate that RAS is an
experimental technique that provides surface sensitive information of the Au(110)
surface.
3.6 The Three-Phase Model
The Jones matrix formalism described in section 2.2 describes the behaviour of the
polarised light after it has been reflected from the sample’s surface. However in
order to understand RA spectra there is a need to understand the change in
polarisation of the incident light whenit is reflected from the surface.
As there are very few ab initio theoretical treatments derived from first
principles for the RAS response of materials, McIntyre and Aspnes[54] introduced
a linear approximation that can be used in reflectivity calculations for multiphase
stratified systemslike the interfacial surface region of an Au(110) sample in UHV or
electrochemical environments. This model was developed further by Cole et al [55].
The model assumesthe reflecting surface can be represented by the three regions as
shown in figure 3.7. The three regions are an anisotropic surface in between an
isotropic semi-infinite bulk and an ambient/vacuumlayer.
DS
 Figure 3.7: A schematic of the three phase model.
3.6.1 The Dielectric Function
Theinteraction of light with a material can be described by the dielectric function, ¢
[56]. The three phase model discussed in the previoussection treats this interaction
in terms of three differing media; the ambient/vacuum layer, the surface of the
sample and the bulk of the sample, each having their own distinct dielectric
function. The dielectric functions of the semi-infinite bulk (e) and the
ambient/vacuum layer (€,) are both isotropic, while the dielectric function of the
surfaceis split into two principle directions (e”,, ¢°;) and e”; and ¢°, may not be equal
due to the anisotropy of the sample. This possible difference between the dielectric
response in the x and y directions, Ag, is also known as the surface dielectric
anisotropy (SDA). This difference results in an RAS response when ¢”; # e's. If it is
assumedthat d << andthatthe dielectric function for the ambient/vacuum layer, &,
= 1, the RAS equation can be expressed in terms of the surface and bulk dielectric
functions, as shown in equation 3.2.
 Ar iad s=8 (3.2)
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where @ is the angular frequency andc is the speed of the wave. Equation 3.2 links
(Ar/r), an experimentally measurable quantity, to the material property Ae,. The RA
spectra that are given in this thesis correspond to the real part of the RASsignal.
Therefore equation 3.2 can be expressed in termsoftherealparts:
A 2wd ARe~) = Ze|Ae (3.3)
3.6.2 The Lorentzian Transition Model
In order to simulate RA spectra, the optical transitions can be approximated by
Lorentz contributions. In order to do this, the bulk dielectric function in terms of
functions A(@) and B(w) given by equation 3.4.
A(@) —iB(w) = 41-€,(@) G4)
A(w) and B(w) are determined from the bulk dielectric function, which itself is
derived from the refraction coefficient, n, and the extinction coefficient, k, in the
expression ¢=N2 whereby JN is the refractive index and is in turn given as
N=n- ik. Using SE [57], the values of m and k for the Au(110)-(1x1) can be
determined. The data produced by Blanchardet al [58,59] is used for the range from
1.5 eV to 5.0 eV and the lower resolution data from Palik [57] is utilised for the
energy range beyond 5.0 eV. Equation 3.4 can be substituted into equation 3.2, thus
resulting in an equation 3.5 in terms of the A(w) and B(w) functions.
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Re~" - “SELAloo)Aes) + B(«w)Re(Aes)| (3.5)
Equation 3.5 makesit possible to simulate RA spectra in terms of the bulk optical
response of the Au sample and provides a representation of the transitions involving
the surface. The RASis simulated by choosingtransitions within the surface layer of
atoms, e*, and e’,, in the x or y directions respectively, and of the energy, a,
intensity, S, and the full width at half maximum (FWHM),I, [55]. Each simulated
transition takes the form of a Lorentzian, as shown in equation 3.6.
Yae* =14—_42— 2 =1 (3.6)5 iT/ ? “s ,o,-0+ Tf
This equation, in conjunction with appropriately chosen empirical lineshape
parameters (energy, intensity and FWHM), is used to simulate RA spectra. The
values of e*, and ©”, are not equal in order to produce the SDA described in section
3.6.1 and hence an RASresponse.
Figure 3.8 shows the A(w) and B(w) functions as defined by equation 3.4
where €;(w) is imaginary. The small discontinuities observed at 5.0 eV are the result
of the change in datasets.
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Figure 3.8: The shape of the A(w) function (blue line) and the B(w) function (red line).
3.7. RASSimulations
This subsection is an introduction to the theoretical fitting method which is used to
simulate RA spectra. In order to make these simulations as physically plausible as
possible boundaries are assigned for each set of parameters used to characterise a
transition.
The RA spectra of the Au(110) surface have been found to be successfully
simulated by five transitions each of which havethree variables that effect the shape
of the simulation; the transition energy, intensity and FWHM.It has been shownin
several publications [1,2,40,60] that these transitions and their respective variables
can be confinedto a fixed range of values. Table 3.1 showsthe five transitions used
for the Au(110) RAS simulations and the upper and lower boundaries of their
transition energies.
In order to keep the simulation reasonable, the FWHM Lorenztian shape
width of each of the transitions, is confined to 0.3 eV — 2.5eV. However, the
absolute intensities of these transitions are not confinedto a fixed range.
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 Transition Energy Range (eV)
1 1L.6=2.0
2 3.3 — 3.6
3 3.8—4.1
4 4.3-—4.8
5 5.4—5.8
 
Table 3.1: A list of the transition energy ranges.
Of course the three variables have different influences on the contribution of
a transition to a simulated RASprofile. The transition energy naturally determines
the region of the spectrum wherea transition contributes most strongly. Howeverthe
FWHMis inversely proportional to the peak intensity of the transition, and
determines the sharpnessofthe transition.
The development of an RASinstrument which extends the spectrum into the
UVrange has lead to the numberoftransitions necessary to simulate the RASofthe
Au(110) to be increased and also some modification of the previously labelled
fourth and fifth transitions of the RAS of Au(110) [61]. These changes to the
simulations and the reasoning behind these alterations are discussed later on in this
chapter.
This thesis focuses on the adsorption of biological molecules onto the
Au(110) surface. The adsorption of these biological molecules affects the optical
response of the Au(110) and previous work on cytosine [60] has shownthe necessity
to add two further transitions to the RAS simulations in order to obtain an empirical
description of the optical response. The previous work [60] maintained the energies
of the transitions for the initial Au(110) simulated RA spectrum but allowed the
intensity and FWHM valuesto vary so that the RA spectra could be simulated.
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3.8 Spectral Signatures of the Au(110) Surface
Reconstructions
It is difficult to identify RAS profiles correspondingto the three surface structures of
the Au(110) surface. This difficulty is exacerbated by the variation in RASprofiles
obtained from the flame annealed Au(110) surfaces, a variation attributed to the
slight differences in surface morphology [1,37-40].
In addition to this there are variations in the RA spectra of the
Au(110)/electrolyte interface which have been assigned to the differing anions
present in electrolytes. Stronger adsorbing anionslike SO,” have a much greater
effect on the Au(110) surface in comparison to weaker adsorbing anions such as
ClO4 [25,51,62-67]. Potentials positive of the PZC are anticipated to result in the
anions from the electrolyte being specifically adsorbed onto the crystal surface. In
an attempt to minimise the systematic error and to categorise the changes in the
optical response of the Au(110) that arose from variations in anions, a series of
experiments were carried out on a flame annealed Au(110) single crystal using three
different electrolytes; H2SO4/NaSO4 (pH 1.36), NaClO«/HClO,4 (pH 1.18) and
NaClO, (pH 6.14). This series of experiments enables direct comparisons to be
made between the effects arising from a variation in anion and pH on the Au(110)
surface reconstructions.
An experiment was conducted whereby the Au(110) sample experienced
cyclic potential variations from 0.0 V > 0.6 V = 0.0 V ~12V —>-0.6V ~0.0 V
in discrete 0.1 V increments. This was done in order for the Au(110) crystal to be
taken through the reversible (11) to (1X2) phase transition at potentials below
oxidation, then through oxidation and then on to experience the negative potential
induced (1X3) surface reconstruction before returning to a neutral potential to re-
establish the original surface morphology and (1X2) surface reconstruction [70].
The reasons behind this cyclic experiment were that it has been shown that applied
electrode potentials below the PZC result in the surface displaying a (1 <3) surface
reconstruction as its lowest energy state [26,28-30]. Moreover, the (1 x2) to (1x1)
59
phase transition is believed to be entirely reversible [3,4,24,25,37,38] and that
oxidation of the surface leaves the surface reconstruction undamaged[1,68].
Grey areas persist with regard to the effects of specific anion adsorption onto
surface structures as well as the difference betweenthis action and that of changing
applied electrode potentials. It is unclear whether or not the ClO, anions in
perchloric acid are very weakly adsorbing or whether they do not adsorb atall at
potentials positive of the PZC. The lifting of the (1x2) surface reconstruction at
positive potentials was attributed to the specific adsorption of the anions, after Kolb
and Schneider [69] performed a CV capacitance and ERS study of the Au(110)
surface in perchlorate. This interpretation of the results was based on evidence
showing the surface reconstruction is lifted at higher potentials when the surface
was under a ClO, environment as opposed to when the sample wasin the presence
of the more strongly adsorbing SO,” or CI anions. This study shows the anion
effect is greater than the effect of the surface charge upon the surface reconstruction.
Borkowska and Stimming [70] then went on to show that the lowering of the PZC
and the increase in the potential of oxidation were free from the effect of electrolyte
concentration. This result was explained in terms of the low bond strength of the
perchlorate anion which enables the hydroxide anion to replace it as quickly as
possible.
3.9 A Comparison of the (1x 1), (1x2) and (1 <3) Surface
Reconstructions Under Varying pH andIn Differing
Electrolytes
This section is an overview of the study undertaken to investigate the anion induced
surface reconstructions by A. Bowfield [2]. The following subchapters will discuss
the conditions of each experiment, describe the RA spectra produced and attempt to
highlight the spectral profiles of each of the three surface reconstructions and
compare each of them with the corresponding reconstructions under the different
electrolytes.
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3.9.1 Au(110) in 0.1 M H,SO4/Na,SO,
The work of A. Bowfield [2] and Magnussen et al [25], showed that at 0.0 V in
H2SO,/Na2SOz, the RA spectrum corresponds to that of the Au(110)-(1 x2) surface
reconstruction. The main features of the RA profile of the Au(110)-(1 <2) surface
reconstruction in H2SO4/Na2SOx,are the broad feature observed below 2.5 eV, two
negative peaks of similar intensity at 2.5 eV and 3.5 eV which are connected by a
plateau. Finally there is also the peak observed at 4.5 eV.
It was also shown[2] that the features of RA spectra of the Au(110) surface
in H,SO4/Na2SO,4 at +0.4 V represents the (11) surface structures. This profile
includes a reduction in intensity of the feature below 2.5 eV in comparison to that of
the (1 <2) surface structure, a slight increase in energy position of the 2.5 eV peak,
an increase in the intensity of the 3.5 eV peak and the complete removal of the
plateau that connected these two peaks in exchangefora significant trough.
The spectral profile of the (1 x3) surface structure was also determined in
[2]. The RA spectrum of Au(110) in H2SO4/NazSO,at -0.6 V waslabelled as the RA
profile of the (1x3) surface reconstruction. It is apparent that the peak at 2.5 eV
deteriorates rapidly as the electrode potential becomes increasingly more negative.
At the same time, the broad feature below 2.5 eV becomes more intense as the
electrode potential becomes more negative. The peak at 3.5eV does reduce in
intensity but not at the same rate of reduction as the 2.5 eV peak, resulting in it
maintaining definition even to a potential of -0.6 V. The spectral profiles of the three
reconstructions of Au(110) in 0.1 M H2SO./Na2SO,are highlighted in figure 3.9.
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Figure 3.9: The RA spectra of Au(110) in 0.1 M H2SO4/Na2SO, showingthe spectral profiles of the
different surface reconstructions: (1x1) +0.4 V (red line), (1 x2) 0.0 V (blue line) and (1 x3) -0.6 V
(green line). Data taken from [2].
3.9.2 Comparing the Au(110) Reconstructions Under Varying
Electrolytes and pH.
A summary of the previous study [2] is described in this section in order to
determine whether the results found in section 3.9.1 were indicative of the surface
structure or had contributions from the anion used. The previous study [2] compared
the results to similar experiments in which different electrolytes were employed and
the pH ofthe solution varied.
The first comparison was to change the anion but maintain an acidic pH by
changing the electrolyte to 0.1 M NaClO./HC10,. This experiment found that the
RA spectra of the Au(110) were similar to those shown in the previous section but
with greater changes between the RA spectra of different electrode potentials, more
so in the positive electrode potentials. It found that the alterations to the spectral
features at 2.5eV, 3.5eV and 4.5eV were similar to those from the sulfate
investigation indicating that the surface reconstructions of the Au(110) gave rise to
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similar RA spectra. Figure 3.10 illustrates the RA spectra of the Au(110) in 0.1 M
NaClO4/HC104 showingthe spectral profiles of the different surface reconstructions.
When compared to the RA spectra of the sulfate investigation in figure 3.9, it can be
seen that there are only minor differences between the two data sets, therefore
supporting the view that the Au(110) surface behaves similarly in the two
electrolytes.
The next experiment conducted in the previous study [2] used the same
anions but then changed the pH ofthe electrolyte. It was changed from 0.1 M
NaClO,/HC10, at pH 1.18 to 0.1 M NaClO, at pH 6.14. This experiment should
establish whether variations in the pH would result in any changes of the RAS of
Au(110) that can be attributed to the variations of the surface structure. It was found
that the pH did appear to affect the cyclic behaviour of the experiments and lead the
author to suggest that there exists a pH dependent hysteresis of the RAS of Au(110)
before the surface entered oxidation. Some small changes in the RA spectra of
Au(110) were observed but the characteristic RA profiles of the (1x1) surface
structure and the (1X2) and (1X3) surface reconstructions were still produced.
Figure 3.11 shows the RA spectra of Au(110) in 0.1 M NaClO, showingthe spectral
profiles of the different surface reconstructions. The RA profile of the (1 x 1) surface
structure holds its positive slope between the 2.5 eV and 3.5 eV peaks.
The RA profile of the (1 <2) surface structure keeps the plateau between the
same two peaks, whereas the RA profile of the (1 <3) surface structure maintainsits
characteristic lack of definition for the peak at 2.5 eV. The study [2] also discussed
that the CV associated with this particular experiment generated an interesting
result. It showed that oxidation of the Au(110) surface occurs at a potential of
+1.0 V whereas the acidic experiments maintain oxidation at +1.2 V, this suggests
that the pH bearsa direct effect on the oxidation of Au(110).
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Figure 3.10: The RA spectra of Au(110) in 0.1 M NaClO4/HC1O, showingthe spectral profiles of the
different surface reconstructions: (1 x1) +0.4 V (redline), (1 x2) 0.0 V (blue line) and (1 x3) -0.6 V
(green line).
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Figure 3.11: The RA spectra of Au(110) in 0.1 M NaClO, showingthe spectral profiles of the
different surface reconstructions: (1x1) +0.3 V (red line), (1 x2) 0.0 V (blue line) and (1 x3) -0.6 V
(green line).
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3.9.3 Comparing the RASprofiles of the Au(110) Surface
Structures in Differing pH and Electrolyte.
The RA spectra of the Au(110) surface under differing electrolytes and at varying
pH can now be comparedandprovideinsight into the influence ofparticular anions
or pH effects on the optical response of the Au(110) sample.
Figure 3.12 illustrates the three (1X1) RA spectra produced under the
differing electrolytes and pH. At an electrode potential of +0.4 V, the Au(110)
surface is anticipated to adopt a mainly (1X 1) surface structure [25]. In the energy
region beyond 2.5 eV; the region associated with surface modified bulk states and
the monatomicsteps, the two acidic electrolytes differ slightly in their response. The
region between 1.5 eV and 2.5 eV producesa noticeable variation between the RAS
responses from the acidic electrolytes and the neutral electrolyte. This has been
assigned to the (1X2) not being fully removed from the surface [2]. The complete
removal of the flat region between the peaks at 2.5 eV and 3.5 eV underacidic
electrolytes would suggest a complete removal of the (1X2) reconstruction and a
full adoption of the unreconstructed (1X 1) surface structure. This removal of the
plateau is not seen to the same extent in the neutral electrolyte, leading to the belief
that in the neutral perchlorate solution at +0.4 V, the Au(110) surface is a mixture of
primarily (1X 1) regions and (1 X 2) surface regions.
Figure 3.13 illustrates the RAS profiles of the (1 x2) surface reconstruction.
As expected at 0.0 V in electrolyte, the Au(110) adopts the (1 x2) surface structure
[24-26]. The RA spectra of all three experiments are almost identical up to the
energy of 2.6 eV andall three have the flat region between 2.5 eV and 3.5 eV. The
variation arises after 2.6 eV whereby the RA spectrum in neutral electrolyte begins
to map the path of the Au(110) RA spectrum in the acidic perchlorate electrolyte.
The perchlorate electrolyte gives rise to a greater intensity for both the 2.5 eV and
3.5 eV peaks, therefore indicating that there is an anion and pH effect with the SO,”
sulfate electrolyte resulting in a greater interaction with the surface. It induces the
(1X2) reconstruction more than with the perchlorate anion, possible due to the
sulfate anion adsorbing morestrongly.
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Figure 3.12: The RA spectra of the Au(110)-(1 x 1) surface structure at +0.4 V vs SCE in 0.1 M
H,SO,/NaSO,at pH 1.36 (green line), HC1O4/NaClO, at pH 1.18 (blue line) and NaClO,at pH 6.14
(red line).
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Figure 3.13: The RA spectra of the Au(110)-(1 x2) surface structure at 0.0 V vs SCE in 0.1 M
H,SO,/NaSO,at pH 1.36 (green line), HC1O,/NaClO,at pH 1.18 (blue line) and NaClO,at pH 6.14
(red line).
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Figure 3.14 compares the (1 <3) reconstruction. The (1 <3) reconstruction
behaves similarly to the (1X2) in the sense that the three RA spectra in the three
different electrolytes produce almost identical spectra up to 2.6 eV. The differences
occur when they reach the region affected by the surface modified bulk states
(3.0 eV).
The main variation in the (1x3) RA spectra, albeit small, occurs at the
energies around the 4.5 eV peak. This region is related to the steps on the surface
and the variations in the step structure can be accounted for by the variations in the
surface morphology when undergoing the flame annealing preparation process. A
possible contribution to this variation in the steps could be the stronger absorbing
anions from the two acidic electrolytes. Nevertheless, all three RA spectra from the
exhibit the typical profile connected to the (1 x3) surface reconstruction.
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Figure 3.14: The RA spectra of the Au(110)-(1 x3) surface structure at -0.6 V vs SCE 0.1 M
H,SO,/NaSO,at pH 1.36 (green line), HC104/NaClO, at pH 1.18 (blue line) and NaClO,at pH 6.14
(red line).
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3.10 Simulations of the RA Spectra of the Varying Au(110)
Surface Structures
The following sections move on from the work of A. Bowfield [2] and describe new
work undertaken for this thesis.
In order to get an idea of how the RAS of surfaces consisting of mixed
reconstructions would appear, the RAS data given by a simple simulation of the
results described in the previous section was made using equation 3.7 and equation
3.8. This simulation used the experimental data of the RAS of the Au(110) for the
(1X1), (1 <2) and (1 x3) surface reconstructions.
RAS(50%(1 x 3)) = 5 RASA x2)+ 5RAS x 3) (3.7)
RAS(50%(1 x 1)) = 5 RASC x 2) + =RAS xl) (3.8)
Equation 3.7 gives a simulation of the RAS of an Au(110) surface which consists of
50% of its area to be (1X2) and 50% to be (1 <3). This is achieved by reducing the
magnitude of each data point of the (1 x2) RA spectrum and the (1 x3) RA spectrum
by 50% and then adding them together. Equation 3.8 provides a similar simulation
of the RAS of an Au(110) surface area consisting of 50% (1x1) and 50% (12).
Figures 3.15 (a) and (b) illustrate the results of these simulations; the former
showing the simulated RA spectra of a half (1x2) half (1x3) sample, the latter
showing the simulated RA spectra of a half (1 <2) half (1 x 1) Au(110) sample.
In order to demonstrate the value of the simulations they are compared to
experimental RASdata in figures 3.16 (a) and 3.16 (b). Figure 3.16 (a) comparesthe
simulated RA spectrum of Au(110) 50% (1x2) and 50% (1x3) and the RA
spectrum of Au(110) in Na2SO4/H2SO4 at -0.2 V vs SCE. As the Au(110) in this
electrolyte has been shownto adopt the (1 x2) and (1 <3) surface reconstructionsat
0.0 V and -0.6 V respectively, one would assume that at some electrode potential in
betweenthe two, the surface would becomehalf of each of the reconstructions.
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Figure 3.15 (a): The RA spectra of the Au(110)-(1 x3) surface structure (greenline), the Au(110)-
(1x2) surfacestructure (blue line) and the simulated RA spectra of the Au(110) surface with 50%
(1x2) and 50% (1 x3) (redline).
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Figure 3.15 (b): The RA spectra of the Au(110)-(1 x 1) surface structure (green line), the Au(110)-
(1x2) surface structure (blue line) and the simulated RA spectra of the Au(110) surface with 50%
(1x2) and 50% (1x1) (redline).
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Figure 3.16 (a) indicates that the Au(110) sample in NazSO4/H2SO,at -0.2 V
vs SCE is slightly more than 50% (1X2) as the 2.5 eV peak is larger than that
observed in the simulation. In a similar fashion, figure 3.16 (b) compares the
simulated RA spectrum of Au(110) 50% (1X2) and 50% (1X1) and the RA
spectrum of Au(110) in NazSO4/H2SO, at +0.2 V vs SCE. As previous discussions
have concluded, the (1x1) reconstruction is adopted at potentials above +0.25 V.
Therefore at potentials between 0.0 V; where the (1 <2) reconstruction presides, and
+0.25 V, the Au(110) crystal should adopt a mixture of the two reconstructions.
Figure 3.16 (b) indicates that the sample has a greater than 50% coverage of (1X 1)
domains and less (1x2) domains. This is made apparent by the experimental data
displaying a more intense peak at 3.5 eV and less of the expected plateau between
the peaks of 2.5 eV and 3.5 eV. However, as both figures 3.16 (a) and (b) show that
the simulations are close to mapping the experimental data, it would suggestthat the
calculations used to generate the simulations of mixed reconstruction Au(110)
surfaces are reasonably valid.
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Figure 3.16 (a): The simulated RA spectrum of Au(110) 50% (1 x2) and 50% (1 x3) (red line) and the
RA spectrum of Au(110) in Na,SO,/H,SO,at -0.2 V vs SCE (blue line).
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Figure 3.16 (b): The simulated RA spectrum of Au(110) 50% (1 x2) and 50% (1 x 1) (red line) and the
RAspectrum of Au(110) in Na2SO,/H2SO, at +0.2 V vs SCE (blue line).
3.11 An Extension of the Au(110) RA Spectra into the UV
Range
With the development of a new UV RASinstrument it became possible to explore
the optical response of the Au(110) crystal into the UV region of the electromagnetic
spectrum. The instrument usually used for the RAS experiments obtained data
between 1.5eV and 5.5eV. Figure 3.17 shows the RA spectrum for the
Au(110)/electrolyte interface over the range 1.5 eV to 5.5 eV that we have obtained
in the UV-VIS instrument and which is in agreement with previous work in UHV
and underliquid [36,39,40,71-77]. In figure 3.15 the key features of the Au(110) RA
spectrum are displayed. It should be noted that the region above 4.5 eV appears
different to the RA spectra of Au(110) seen previously in this chapter. The reason for
the steady decrease in intensity above 4.5 eV in this RA spectrum, and not in
previously displayed spectra, is that the instrument began to lose sensitivity above
this energy. The RA spectra displayedin the rest of this chapter were obtained after a
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time where the RASinstrument had a new detector installed, giving improved more
detailed RAS data.
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Figure 3.17: RA Spectrum of Au(110) in 0.1M NaH»PO./K2HPO,in the range 1.5 to 5.5 eV.
Figure 3.18 shows the RA spectrum of Au(110) in the extended range (4.0 eV
to 7.0 eV) instrument. There are major differences betweenthe spectra of figure 3.17
and figure 3.18 in the energy range 4.6 eV to 5.5 eV. The sharp peak observedat
4.6 eV in the UV-VIS instrument is replaced by a smooth plateau that remains until
5.8 eV following which it descends into a small broad troughat 6.4 eV.
The composite spectrum, figure 3.19, covering the range 1.5 eV - 6.8 eV was
obtained by using the matching procedure described earlier in section 2.5 with the
same scaling factor deduced from the comparison of the results obtained with
Si(110); the translation factor, which was determined from setting the Re(Ar/r) to
zero at 2.4 eV (UV-VIS) and using the samepolariser angle as with Si(110) in the far
UV instrument, was also the same as that used with Si(110). The mean value was
used in the overlap range. Wenote that the translation factor is very small compared
with the magnitudesofthe features in both the Si(110) and the Au(110) spectra.
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Figure 3.18: RA Spectrum of Au(110) in 0.1M NaH2PO4/K2HPO,in the range 4.0 to 7.0 eV.
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Figure 3.19. Composite Spectrum of Au(110) in 0.1M NaH,PO,/K2HPO,in the range 1.5 to 7.0 eV.
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A key feature of previous work on RASstudies of the adsorption of
biological molecules at Au(110)/electrolyte interfaces [38,76] was the fitting of the
RASofboth the Au(110)/interface and that of the adsorbed molecule to an empirical
model. In order to facilitate studies in the future and to gain insight into the origins
of the extended range RASof the Au(110)/electrolyte interface, analysis of the RAS
profile of figure 3.19 is required, using the empirical approach of Cole eft al [55]
deduced from the three-phase model. As with the earlier work [38,76] five
transitions were required for a good simulation of the normal range spectrum and six
were essential to get a good simulation of the extended range spectrum. This
simulation is shown in figure 3.20 while table 3.2 lists the parameters needed to
simulate the normal range spectrum and the extended range spectrum. Table 3.2
showsthat of the three parameters that describe each transition, the simulation is
generally most sensitive to the transition energy. It is to be expected that the
simulation would beless sensitive to the transitions occurring near the extremities of
the spectral range and this is observed. Nonetheless changes in the three parameters
governing the sixth transition gave visibly poorer simulations at energies above
6.4 eV without noticeably affecting the simulation at lower energies. As expected
there is a correlation between the strength of the transitions and the sensitivity of the
simulation to variations in the parameters of the transition; generally the stronger the
transition the more sensitive is the fit to changes in the parameters describing the
transition.
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Figure 3.20. Extended range RA Spectrum of Au(110) (blue line) and the simulation obtained using
the empirical model(red line).
Range,eV Transition 1 2 3 4 5 6
Direction [001] [001] [1 10] [001] [001] [1 10]
1.5-5.5 w,/eV 1.88 + 0.10 3.554 0.02 3.73+0.03 4.71+0.05  5.07+0.06
T/eV 2.10 + 0.18 0.44 + 0.05 2.12+0.18 0.48+40.09 0.90+0.14
S* 1.00 + 0.06 0.02 + 0.03 1.36+0.05 0.07+0.01 0.12+40.02
1.5-6.8 w,/eV 1.94+0.11 3.55 + 0.03 3.73 £0.34 474+0.07 5.514012 643+40.01
T/eV 1.93 + 0.20 0.47 + 0.06 2.0040.20 0.66+0.14 2.034024 042+0.01
s° 1.00 + 0.05 0.22 + 0.02 1.6140.04 0.10+0.02 0.224+0.03 0.01+40.00
 Relative intensities. Absolute intensities of transition 1 are 4789 (1.5 - 5.5 eV range), 4386
(1.5 — 6.8 eV range).
Table 3.2: The parameters for the simulated RA spectra of Au in the normal and extended
energy ranges.
Recalling that the sensitivity of the normal range instrumentstarts to fall
above 4.5 eV and the sensitivity of the UV instrument increases rapidly above
4.2 eV and begins to fall above 6.5 eV, the extended range spectrum formed from
the combination of the results from the two instruments, will be more representative
over the whole range. The first four transitions are very similar in the two
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simulations as shown in table 2.2; there is a small difference in energy oftransition
one but in each case the simulation is less sensitive to the transition energy than
transitions two, three and four. The real difference between the two simulationsis
with transition five and the appearance of a weakertransition in the [1 10] direction
above 6.4 eV in the extended spectrum. Therelatively weak and narrowtransitionat
5.1 eV in simulations of the RAS obtained with the normalinstrumentis replaced by
a muchstronger, wider transition at 5.5 eV, which like the additional transition at
6.4 eV is outside the range of the standard instrument. The reasonforthis difference
is two-fold. The falling sensitivity of the UV-VIS instrument above 4.5 eV hasthe
effect of sharpening any high-energy features and introducing a shift to lower
energies. The curvefitting is restricted to transitions that sit within the range of the
instrument; clearly a 5.5 eV transition cannot be detected with the standard
instrument. The peak sensitivity in the far UV instrument occurs between 5.5 eV and
6.5 eV; 5.5 eV is well removed from the extremities of the extended range.
3.12 Summary
This chapter has described the physical and electronic structure of Au(110). The
three surface structures of the Au(110) surface; the (1 <1) structure and the (1 x2)
and (1X3) reconstructions, and the conditions under which each occurs have been
described. It was noted that the anion and the pH ofthe electrolyte can affect the
RASobserved from the Au(110) surface. The variation in the RAS observed from
different Au(110) surfaces were also described. A theoretical model was used to
represent the transitions observed in the optical response of the Au(110) sample and
a simple simulation routine was used to show how the RASobserved from samples
of mixed surface reconstructions can be fabricated from the experimental data of the
RASobserved from two surface structures. This chapter concluded with a section
highlighting data obtained from a new instrument which extended the energy range
of RAS experiments providing new data about the higher energy RAS of Au(110).
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Chapter 4
The Determination of the Structure
of Cytosine Monolayers Adsorbed at
the Au(110)/Electrolyte Interface
RAShas been successfully applied to study the preferential orientation of cytosine
and its corresponding monophosphate (cytidine 5’-monophosphate (CMP))
molecules adsorbed at the Au(110)/electrolyte interface. This chapter describes the
behaviour of the cytosine and CMP molecules at the Au(110)/electrolyte interface
within different environments that include varying electrode potential and solution
pH. In addition to this is are the RA spectra for varying concentrations of cytosine
and CMP moleculesin solution and how the adsorption of these molecules affect the
Au(110) surface below.
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4.1 Introduction
The adsorption of DNA and DNAbasesat metal/liquid interfaces has potential as a
structural basis for “bottom up” fabrication of inorganic and organic molecular
devices [1] and in biomimetic materials science and molecular electronics. An
understanding of the interactions between nucleic acids and metal surfaces, which is
best studied in a liquid environment required by biological molecules for their
stability and functional activity, can also provide insight into complex
intermolecular processes relevant to the origin of life [2]. It is also important in
DNAbioarray technology where the surface environment affects DNA hybridisation
[3] and the intensity of the fluorescence signal from tagged strands[4].
This chapter describes the orientation and behaviour of the nucleic acid
base cytosine at the Au(110)/electrolyte interface in various electrochemical
environments using RAS. This chapter extends an earlier study [5] of cytosine and
its monophosphate CMP adsorbed at saturation coverage at Au(110)/liquid
interfaces. In the previous study [5] it was demonstrated using RASthat cytosine
molecules give rise to ordered structures in which the baseis orientated vertically to
the surface and parallel to the [110] axis of the Au(110) plane. Figure 4.1 shows
the structure of cytosine and CMP molecules.
it
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Figure 4.1: The structure of cytosine (left) and CMP(right). Key: oxygen - red spheres,
aJ
carbon - black spheres, nitrogen - sky blue spheres, hydrogen - beige spheres and phosphorous-
dark grey sphere.
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The adsorption of nucleic acids was widely studied initially on mercury and
carbon electrodes by electrochemical methods such as a.c. polarography [6],
differential capacity [7] and CV [8]. With the introduction of imaging techniques on
the molecular level such as Atomic Force Microscopy (AFM) and STM,there have
been a variety of investigations of the nature of the monolayers formed on graphite
[9], gold [10,11] and copper [12]. Previous work on the adsorption of cytosine at
solid/liquid interfaces has included studies on silver [13,14] and gold [15,16]
substrates using a variety of techniques such as Infra-Red Reflection Adsorption
Spectroscopy (IRRAS)[17], Surface Enhanced Raman Spectroscopy (SERS) [18],
Specular Reflectivity [19], LEED [20] and Electron Spectroscopy for Chemical
Analysis (ESCA) [10]. These studies have shown that the type of the underlying
substrate used has a strong influence on the behaviour of cytosine. There is evidence
of structural phase transitions on the graphite, gold and mercury electrodes while on
silver the cytosine only adsorbsvertically.
4.2 The Electronic Structure of Cytosine
The earlier study [5] proves that cytosine molecules adsorbed onto a surface assume
an anisotropic alignment across the Au(110) substrate. The optical response of the
cytosine molecules arises from defined dipole transitions whose orientation with
respect to the structure of the cytosine molecule are known. This facilitates the
determination of the orientation of the molecules’ preferential ordering on the
substrate. This subsection describes the optical response of cytosine and describes
the dipole transitions which give rise to the RA spectra reported in the previous
study [5].
Extensive studies [21,22] of cytosine have been conducted and giverise to
interesting discussions about the transition energies and directions of the transition
dipoles with respect to the molecular axes. Cytosine is essentially a planar molecule
that has an optical spectrum that consists of two types of transitions, n — 2* that are
polarised at right angles to the plane of the cytosine molecule, and x — 2*
transitions which are polarised parallel to the molecular plane. The n — 2*
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transitions are located on the nitrogen atoms of the six membered ring andare of
significantly lower intensity than the x — x* transitions, approximately one
thousandth of the intensity and are orientated perpendicular to the molecule [23].
From hereon in the n > 2* transitions are overlooked in the RAS analysis. The 7 >
m* transitions have been calculated using gradient corrected density-functional
theory (DFT-GGA)[24] using ultra soft psuedopotentials and give rise to transitions
with approximate energies of 4.6 eV, 5.5 eV and 6.2 eV. Thesetransitions energies
are similar to those published by Fiilscher and Roos [22] who used complete active
space self-consistent field method (CASSCF) to obtain energies of 4.4 eV, 5.4 eV
and 6.2 eV for the x — 1* transitions of the cytosine molecule.
Lo.    -weerDeeZ---Ne---0
Figure 4.2: The DeVoe-Tinoco convention of molecular transition directions [26] of cytosine. The
azimuth angle @ is measured from the N(1)-C(4) axis towards the N(3) atom.
The experimental and theoretical studies yield similar results for the
transition energies, howeverthe two disagree with regards to the directions of these
dipole transitions. The angles, 6, specifying the directions of the 7 — 1* transitions
that are polarised in the plane of the six membered ring are defined by the DeVoe-
Tinoco convention [25] with respect to the N(1)-C(4) axis as shown in figure 4.2.
Positive angles are measured towards the N(3) atom of the molecular ring. Fiilscher
and Roos [22] suggest that the angles for the 4.4 eV and 5.4 eV transitions are 60°
and -5° respectively, whereas Zaloudek et al [26] suggest that their experiments
yield angles of 6° and -46°. In addition to this disagreement in the angles of the
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dipole transitions, the character of the 5.4 eV transition is also debated. Fiilscher and
Roos [22] describe the second transition as n — a* from their theoretical
calculations, but Zaloudek et al [26] did not find any evidence of the n > 1*
transition. An important agreement between the twostudies is that both find that the
direction ofthe transitions at 4.4 eV and 5.4 eV are separated by approximately 50°.
The analysis of the electronic structure of cytosine gives rise to an optical
transition at 4.4 eV that lies within our experimental spectral range of RAS. The
5.4 eV transition is also with the spectral range of our RA spectrometer but the
sensitivity of the apparatusat this energy diminishesto giveriseto less reliable data.
4.3 Concentration Effect of Cytosine Adsorption
RAS is sensitive to the steps, surface states and reconstructions of the Au(110)
surface with the result that it is difficult to obtain reproducible results from the flame
annealing process [27-32]. However by careful attention to the duration and
sequence of the flame annealing process good reproducibility was achieved as may
be seen from a comparison of the RAS from the results shown in figure 4.3 for four
different Au(110) surfaces employedin this study.
The Au(110) crystal was prepared as described in Chapter 2. The solution
used in the electrochemical cell used in the experiments reported in this subsection
was a phosphate buffer solution made from NaH,PO., K,HPO, (BDH, Analar
grade) and Millipore ultra-pure water (18 MQcm). The buffer solution was then
purged with Argon before the insertion of the Au(110) crystal in order to remove
any oxygen from the electrochemicalcell.
In the separate experiments various volumes of a 1 mM cytosine (Aldrich)
solution were added to the electrochemical cell to give final concentrations of
0.1 uM, 0.5 uM, 20 uM and 100 uM with the Au electrodes held at 0.0 V and the
resulting RAS profiles are shown in figure 4.4 (a). In the previous study [5] results
were only reported for a 100 uM solution. As discussed previously, the addition of
100 uM of cytosine led to an increase in negative intensity across the entire
spectrum, with the appearance of an additional negative shoulder at 4.2 eV and the
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loss of the positive 4.6 eV peak (figure 4.4 (a)). The RA spectra obtained from the
Au(110) surface after the addition of cytosine to give the final concentrations of
0.1 uM, 0.5 uM and 20 uM are also shownin figure 4.4 (a). A comparison offigure
4.3 and figure 4.4 (a) can be used to highlight the change in RAS between the RA
spectra of Au(110) and the RA spectra of Au(110) + cytosine. The RAS of the
Au(110) and Au(110) + cytosine between 1.5eV and 2.5 eV remain similar
throughout the separate experiments. At energies above 2.5 eV, the overall negative
intensity of the RA spectra of Au(110) + cytosine is increased in comparison to the
four clean Au(110) RA spectra and the overall negative intensity of the RA profile
of Au(110) + cytosine correlated with the strength of the cytosine concentration and
the largest changes were observed when going from the 0.5 uM to the 20 uM
solution. In addition to the overall increase in RASintensity, the results of these
experiments reproduced the same shoulder at 4.2 eV and the loss of the positive
4.6 eV peak as seen in previous work [5] with the size of the shoulder being
proportionalto the concentration of the cytosinein solution.
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Figure 4.3: The RA spectra of Au(110) used with varying concentrations of cytosine solution,
0.1 uM (black line), 0.5 uM (red line), 20 uM (green line) and 100 uM (blue line) experiments.
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The difference spectra obtained by subtraction of the RA spectra of
Au(110) from the RA spectra of Au(110) + cytosine are shown in Figure 4.4 (b).
The difference spectra show that a broad negative feature developed at 4.6 eV as the
cytosine concentration increased.
The RA spectra of figures 4.4 (a) and (b) show that the intensity of the
negative peak at 2.6eV in the spectra of the Au(110) surface increased as the
concentration of cytosine is increased. Figure 4.5 showsthe variation in the intensity
of the 2.6 eV peak as a function of time starting from the addition of cytosine to the
electrochemical cell. There are clear differences in the time dependence of the
intensity of the 2.6eV peak for the four cytosine concentrations and as the
concentration of cytosine in the solution was increased, the maximum intensity
reached by the 2.6 eV RA peakalso increased.
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Figure 4.4 (a): The RA spectra of Au(110) + 0.1 uM (black line), + 0.5 uM (red line), + 20 uM
(green line) and +100 uM (blueline) of cytosine at 0.0 V vs SCEat pH 7.1.
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Figure 4.4 (b): The spectra of cytosine generated by the subtraction of the corresponding Au(110)
spectra shownin 4.3 from the respective Au(110) + cytosine spectra shownin 4.4 (a). 0.1 uM (black
line), 0.5 uM (red line), 20 uM (green line) and 100 uM (blueline).
The increase in the RAS of the Au(110)/electrolyte interface at 2.6 eV
following the addition of cytosine to the electrochemical cell (figure 4.5) can be
explained by assuming the cytosine adsorbs on the Au(110) surface until either
saturation coverage is reachedor the solution is exhausted of molecules. The results
of figure 4.5 are used to suggest that a monolayer is only achieved when the
Au(110) sample is immersed in the fourth concentration of 100 1M andthat at the
lower concentrations the solutions are exhausted. These results differ from those
obtained from similar studies of the adsorption of adenine on Au(110) where only
the lowest concentration failed to saturate the solution [33]. It is calculated that
within the electrochemicalcell at the 0.1 1M solution of cytosine, there are 3 x 10'°
molecules. The area of the Au(110) is 0.5 cm’ so if all of these molecules are
adsorbed onto the available area, then the density of molecules would be three
molecules per 5 A’. On Au(111) two orientations are possible [9,15]; the area of the
unit cell of cytosine when adsorbed horizontally and vertically on the surface are
~ 100 A? [9] and ~ 63 A’ [15] respectively which are both considerably greater than
the maximum packing density achievable if all the available molecules adsorb on
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the Au(110) structure. However,it is likely that the molecules also adsorb onto the
back face of the crystal and the glass walls of the electrochemical cell which would
bring the saturated surface concentration down to levels in keeping with the
deduction from electron spectroscopy that one cytosine molecule occupies the area
of about six gold atoms[10].
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Figure 4.5: RA spectra showing the changes in the intensity of the 2.6 eV peakas a function of time
for addition of 0.1 uM (blackline), 0.5 uM (red line), 20 uM (green line) and 100 uM cytosine
(blue line) to Au(110) in 0.1 M NaH,PO,/K,HPO,(pH 7.1) at 0.0 V vs. SCE.
The addition of cytosine molecules clearly affects the RA spectra of the
Au(110) surface and this is shown by the difference spectra of figure 4.4 (b). In
order for there to be an optical response of the cytosine that is measurable by RAS,
the cytosine molecules must have a preferential ordering at the Au(110)/electrolyte
interface. If the anisotropic alignment did not exist then the spectra displayed in
figure 4.4 (b) would be featureless.
In conclusion the data reported in this subsection show that the
concentration of cytosine molecules in solution does effect the RA response of the
Au(110) surface and as the concentration of cytosine solution in the electrochemical
cell increases so too doesthe intensity of the RA spectra of Au(110) + cytosine. The
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data also shows that monolayer coverage of the cytosine molecules onto the
Au(110) surface is only achieved at the highest concentration.
4.4 Simulations of Sub-Monolayer Au(110) + Cytosine
In the previous subsection it was shownthat the addition of 100 uM of cytosine to
the electrochemicalcell resulted in a greater change to the RA response of Au(110)
than when only 0.1 uM of cytosine was added.It is clear from figure 4.4 (a) that the
RA profiles obtained from all four concentrations have similar line shapes but vary
in intensity. Assuming that the 100 uM case givesrise to a complete monolayer, and
the other three are sub-monolayer coverage then the differences between these RA
spectra could arise from a significant contribution to the RAS from areas of the
Au(110) surface which are not covered by cytosine molecules.If this is the case and
also that the orientation of the cytosine molecule does not change with coverage
then it should therefore be possible to represent the lower concentration RA spectra
as a linear summation of the RASof the full monolayer coverage and the RAS of
the Au(110)-(1 x 1) surface. The equation used takes the form:
RAS {Au(110) + C uM} =A * {RAS [Au(110)]}
+B * {RAS [Au(110) + 100 uM]} (4.1)
whereC is the concentration of less than 100 uM, and A and B are non-independent
multiplication factors. Simulations of the experimental results obtained using these
procedures are shown in figure 4.6 and the parameters used in the simulations are
shownin table 4.1.
Figure 4.6 showsthat there is good correlation between the simulations and
the experimental data. This indicates that the cytosine adsorbs in the same
orientation at lower concentrations as well as at higher concentrations. This result
also demonstrates that there is no phase transition as a function of cytosine
concentration.
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 Concentration A B % Gold
0.1 uM 0.50 0.50 50
0.5 uM 0.53 0.47 47
20 uM 0.90 0.10 10
 
Table 4.1: The multiplicity factors used in the simulations and the equivalent percentage of
uncovered gold.
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Figure 4.6: Simulation of 0.1 uM ((), 0.5 uM (©) and 20 uM (©) RA spectra of Au(110) +
cytosine with the corresponding simulation in solid coloured lines. The graphs have beenoffset for
clarity and units displayed on the y-axis.
4.5 Angular Variation
The technique of rotating a sample aboutthe axis of the incident light between each
RA spectrum is known as Azimuth-Dependent RAS (ADRAS). Earlier studies
[5,34-36] have given details of how the alignmentof the optical axes of an adsorbed
molecule on a surface can be obtained by using ADRAS.Theinitial orientation of
the Au(110) crystal is such that the principal axes of the crystal are aligned 45° to
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the plane of polarisation of the incident light. Orientating the crystal this way
produces the ‘maximum’ intensity RA response. Whenthe crystal is rotated in the
plane of its surface the angle separating the substrate axes and the plane of
polarisation of the incidentlight vector (the azimuthal angle) will change.
Figure 4.7 shows the ADRAS of a clean Au(110) crystal at 0.0 V in
phosphate buffer. The intensity of RA spectra for Au(110) varies as a function of
cos(2@) where @ is the angle of rotation away from the initial 45° position. This
meansthat as 9 tends towards 45°, the intensity of the subsequent RA spectra tend
towards zero due to the loss of anisotropy in the reflected light as the polarisation
direction of the incidentlight is parallel to one of the optical axes and perpendicular
to the other. As 8 is increased from 45° to 90°, the intensity of the RA spectra
become negative and produce mirror images of the RA spectra from 90° downto
45°, resulting in the 90° spectrum having the maximum negative intensity and being
the mirror image of the spectrum obtained with the Au(110) crystal positioned at
§ = 0°. The mirror imaging occurs because ofthe anisotropic responseresulting from
Foor) ~ "i0) instead of Trio} — Foo). AS the Au(110) sample is rotated further the
intensity of the RA spectra will become zero as 8 = 135° and return to a maximum
positive RA intensity at 8 = 180°.
If an ordered molecular adlayer forms on a crystal surface it is not certain
that it will have the same optical axes as the substrate. If the adlayer does not have
the same optical axes then the ADRAS becomes more complex due to the two sets
of contributions from the two anisotropies competing as the angle of rotation is
varied.
Figure 4.7 shows that the RA response of the Au(110) sample tends
towards zero when the polarisation plane becomes parallel to one of the surface
directions. If the optical axes of an adlayer were not aligned in the same directions
as the optical axes of the substrate then there would never be a featureless RA
spectrum as there would be a contribution from the adlayer regardless of whether the
RA response of the substrate tended towards zero. Macdonald et al [36] used
ADRASto calculate the angle separating two competing optical axes by recording
RA spectra at a single wavelength as a function of 9.
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Figure 4.7: RA spectra of Au(110) as a function of angularrotation, 0, from 0° to 90° at
0.0 V vs SCE and pH 7.1.
Figure 4.8 shows the angular variation of the RA spectra of Au(110) +
100 uM of cytosine as the crystal is rotated azimuthally about the direction of the
incident light. The molecules are added at 0.0 V, left to adsorb and then the sample
is rotated through 90°, whilst taking an RA spectrum at 10° intervals. The results
show mirror images through the x-axis and the intensity at all energies showed a
cos(20) dependence [5,37]. It is important to note that the spectra fall to zero across
the entire spectral range for @ = 45° when the polarisation of the incident light is
parallel to one of the crystal axes in the surface plane. Previous work [5] showed
that at saturation coverage cytosine adsorbs to form an ordered structure at the
Au(110)/electrolyte interface in which the base interacts with the surface through the
N(3) atom, as shownin figure 4.2, and is orientated vertically to the surface with the
long axis of the molecule parallel to the [110] axis of the Au(110) plane. The
conclusion that the cytosine molecules adsorbed vertically on the Au(110) surface
arises from the fact that the twotransitions from the cytosine molecule are 50° apart.
The only way that the RA spectra can go to zero across the whole spectral rangeis if
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the molecule is vertical. If the cytosine molecule wasnotvertical then at least one of
the transitions would produce an RA responseat any given orientation.
 No oS  
— nN 1 O
o
—10°
‘a °o
Nn
  
oS
1 wn
Re(
“/,
)x
10
%
wes oO
 
    
LS 2.0 2 3.0 3.5 4.0 4.5 5.0 5)
Energy (eV)
Figure 4.8: RA spectra of Au(110) + 100 uM ofcytosine as a function of angularrotation, 0, from 0°
to 90° at 0.0 V vs SCE and pH 7.1.
Figure 4.9 shows the RA spectra generated by investigating the effect on
the RA response of an Au(110) crystal after the addition of 100 uM of CMP.This
experiment was undertaken in order to compare the orientation of the cytosine and
CMP molecules at the Au(110)/electrolyte interface.
A comparison of figures 4.8 and 4.9 highlights the similarities of RA
spectra of Au(110) + cytosine and the RA spectra of Au(110) + CMP. The addition
of CMPresults in an overall increase in spectral intensity compared to the Au(110)
spectra as well as the emerging shoulderat 4.2 eV andtheloss ofthe positive 4.6 eV
peak that is observed after the addition of cytosine. In addition to these similarities,
the intensity of the RA rotation data sets of Au(110) + cytosine and Au(110) + CMP
both decrease to zero at 8 = 45°, which givesrise to the result that CMP also aligns
itself along one of the optical axes of the Au(110) substrate.
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Figure 4.9: RA spectra of Au(110) + 100 uM of CMPasa function of angularrotation, 0, from 0° to
90° at 0.0 V vs SCE and pH 7.1.
The difference between a cytosine molecule and a CMP molecule is that the
CMP molecule is the cytosine base attached to a sugar and phosphate group as
shown in figure 4.1. The sugar and the phosphate of the CMP molecule do not have
optical transitions in the spectral range of the RA spectrometer and thus only the
dipole transitions from the base contribute to the RA spectra. Although the optical
response of the cytosine and the CMP are the same to first order, it does not
necessarily mean the two molecules would give rise to similar RA spectra as they
may have orientated differently on the Au(110) surface. However the Au(110) +
cytosine and Au(110) + CMP do yield very similar RA spectra, a result that is used
to suggest that the cytosine and the base section of the CMP molecules align in the
same way on the Au(110) surface.
The adsorption of cytosine molecules onto the Au(110) surface givesrise to
an increase in the RA response of the Au(110) between 2.5 eV and 3.5 eV. The
increase in signal between these energiesis attributed to the dipole transitions of the
bases coupling to the dielectric response of the Au(110) [34] since the cytosine and
CMP give rise to similar RA spectra then the molecules must adsorb onto the
Au(110) surface via bonding sites found on the base. The comparison of the RA
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spectra of ss-DNA and ds-DNAin previous works [37,38] shows and describes how
the ss-DNA experiences a similar increase in RA responseto that of the Au(110) +
cytosine when the bases of the ss-DNA were the points of adsorption onto the
Au(110) surface. Conversely the increase in RA response of the ds-DNA was much
less than that observed with the adsorption of ss-DNA. This smaller response in
RAS from the ds-DNAisattributed to the bases being prohibited from coupling to
the Au(110) surface because of the phosphate groups separating the bases and the
substrate.
In conclusion, cytosine and CMP bondto the Au(110) substrate via sites on
the bases resulting in similar RA spectra for both sets of molecular adsorption. The
idea of the cytosine and CMP molecules adsorbing vertically onto the Au(110)
surface is reinforced by Ataka and Osawa [15] who used in situ surface-enhanced
infrared absorption spectroscopy and CV experiments to declare that cytosine
attaches to an Au electrode vertically via the N(3)-O-NH)psites. Their paper also
references another study by Koglin et al [18] who use SERSto determine that CMP
on Agis adsorbedvia the cytosine base at negative potentials.
4.6 The Effect of Electrode Potential on the RASof
Adsorbed Cytosine
The experiments in this subsection were conducted using 100 uM solution of
cytosine and all voltage are vs SCE. Figure 4.10 (a) shows the RA spectra of the
Au(110) surface in a 0.1M phosphate buffer solution (pH 7.1) as the potential
applied to the electrode was varied in the sequence of 0.0 V, 0.2 V, 0.4 V, 0.6 V,
-0.2 V, -0.4 V and -0.6 V. As has been observed previously [5,37-40] the RAS of
the Au(110)/liquid interface changes significantly as the voltage on the electrode is
varied. As the potential becomes more positive, the magnitude of the 2.6 eV peak
increases while the magnitude of the 3.6 eV peak decreases. Asthe potential is taken
to more negative values the feature at 2.0 eV becomes moreintense, the intensity of
the peak at 2.6 eV decreases and becomes less defined and the intensity of the
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3.6 eV decreases. Figure 4.10 (b) shows the RA spectra of Au(110) + 100 uM
cytosine after the addition of cytosine at 0.0 V, the applied potential was cycled
from 0.0 V to 0.6 V, then from 0.0 V to -0.6 V in 0.2 V steps. The RA spectra for
the applied potentials of -0.2 V up to 0.6 V are almost identical, however the RA
spectra obtained at -0.4 V and -0.6 V are different and show decreasing overall
intensities respectively.
The RASprofile of the Au(110) surface is very sensitive to its morphology
and both the RASprofile and the morphologyofthis surface are known to vary with
the voltage applied to the Au(110) electrode in an electrochemicalcell [27-30]. The
variation of the RAS with applied voltage is not understood in detail but the surface
is thought to adopt a (1 x 1) reconstruction at 0.0 V vs SCE and the spectra observed
at 0.0 V vs SCE(figure 4.3) are very similar to those observed in otherstudies of the
Au(110) surface [33,37-40]. In previous work on the adsorption of adenine [33], the
sulphur containing amino acids [35] and single and double stranded DNA adsorbed
on Au(110) [37,38] it was found that varying the voltage applied to the Au(110)
electrode resulted in a change in the RASprofiles of the adsorbed molecules. In
these systems the assumption was madethat at each voltage the observed spectrum
of the adsorbed molecules wasa linear sum of the spectrum of the Au(110) surface
and the “intrinsic” spectrum of the molecule. There is no way of checking this
assumption empirically and it is knownto fail for molecules adsorbed on the Si(100)
surface where it has been shown that the electronic structure of the gas phase
molecules and the semiconductor bulk wave-functions are strongly modified by the
adsorption process and give rise to new optical fingerprints [41,42]. However for
adenine adsorbed on Au(110) this procedure works rather well and in spite of the
changes in the RAS of the Au(110) surface with applied voltage (figure 4.10 (a)) it
gives rise to rather similar intrinsic profiles for the adsorbed molecules the small
differences between which can be understood in terms of changes in the orientation
of the molecule in a plane perpendicular to the Au(110) surface as the voltage is
varied [5,43].
In contrast to the results obtained on other systems the RASprofile of
cytosine adsorbed on the Au(110)/liquid interface at 0.0 V changes very little when
the voltage is varied in the range from +0.6 V to -0.2 V (Figure 4.10 (b)). When the
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voltage is varied to -0.4 V and then -0.6 V the RASprofile reduces in intensity but
maintains the same basic profile which suggests that the molecules are desorbing
from the surface at these voltages and that the remaining molecules do not change
their orientation on the surface. In previous studies [38,39] it has been shownthat
the “intrinsic” RAS profiles of adsorbed molecules can be obtained by the
subtraction of the RA spectrum of Au(110) from the RA spectrum of Au(110) +
molecule at corresponding voltages. Figure 4.10 (c) shows the “intrinsic” RAS
profile of the adsorbed cytosine molecules. Almost all of these differences can be
attributed to the voltage dependence of the RAS of the Au(110)/liquid surface.
Assuming that the adsorption of the cytosine “freezes” the Au(110)/liquid interface
in the structure prevailing when the molecules are introduced into the
electrochemical cell then a subtraction of the RAS of the Au(110)/liquid interface
obtained at 0.0 V from the RAS of the adsorbed molecules at voltages between
+0.6 V and -0.2 V should show the same intrinsic spectral profile for the cytosine.
This is indeed the case as shownin Figure 4.10 (d). Furthermore these RASprofiles
are remarkably similar to those shownin figure 4.4 (b) for the spectra obtained by
adding different concentrations of cytosine to the electrochemical cell. Applying the
same subtraction to the RAS of adsorbed cytosine observed at -0.4 V and -0.6 V
yields profiles of very similar shape to those obtained for the other voltages (Figure
4.10 (d)) though much reducedin intensity suggesting that at these voltages some
cytosine has desorbed but that the remaining molecules maintain their orientation on
the surfaces. The RASprofile deduced for cytosine at -0.6 V differs from the others
in that the peak at ~ 2.6 eV changes from a weak negative feature to a weak positive
feature (Figure 4.10 (d)). This result can be explained by assuming that at this
voltage the concentration of cytosine on the Au(110) is so low that the RASof the
clean Au(110)/liquid interface dominates the subtraction.
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Figure 4.10 (a): RA spectra of Au(110) from 0.6 V to -0.6 V vs. SCE.
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Figure 4.10 (b): RA spectra of Au(110) + 100 uM ofcytosine from 0.6 V to -0.6 V vs. SCE
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Figure 4.10 (c): RA spectra of cytosine from 0.6 V to -0.6 V vs. SCE
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Figure 4.10 (d): RA spectra of cytosine obtained from subtracting the RA spectra of Au(110) at 0.0 V
from each of the RA spectra of Au(110) + cytosine at each voltage.
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The (1x 1) reconstruction of the Au(110) surface is characterised by rows
of gold atoms in the [110] direction separated by 2.88 A along the row and
separated from adjacentparallel rows by 4.08 A. An adsorption geometry in which
cytosine molecules are orientated with the long axis of the molecules along the
[1 10] direction and with the molecule bonding through the NH) group, the N(3)site
and possibly the O(8) site to three gold atomsat the top of the Au [110] rows as
shown in figure 4.11 (a) suggests a mechanism for the “freezing” of the Au(110)
surfacestructure. The distance across the length ofthree gold atoms is ~7.8 A andis
large enough to accommodate the NH2-N(3)-O(8) group which has a length of
~6.3 A. The unit cell of a vertically orientated cytosine molecule on the Au(111) is
found to be 7.3 + 0.3 A by 8.7 + 0.3 A,resulting in the occupationof six gold atoms
[11,16] consistent with the experimental results on the orientation of the molecules
on the surface [5]. This adsorption geometry would “pin” the cytosine molecule to
three atoms along the top rows of the [110] direction. Furthermore the distance
between parallel cytosine molecules adsorbed on the top [110] atomic rows, is
comparable to the separation of adjacent bases in the stacking structure observed on
Au(111) [16] ~ 5.7 A which is larger than the base stacking found in DNA, ~3.4 A
[44] but less than the ~6.8 A separation [45] between bases when the DNA is
stretched. Such an arrangement wouldstill provide a stable structure since the 1-1
bonding of cytosine rows and the hydrophobic nature of the cytosine ring would act
to prevent the transformation of the Au(110) surface to the more open (1 <2) and
(1 x3) reconstructions. It is only when a significantly negative charge is applied to
the surface that the a-a stacking is disrupted and this together with the
electronegativity of the oxygen atom causes the cytosine molecules to be driven
from the gold surface. The removal of the cytosine molecules at negative voltages
should facilitate the formation of the Au(110)-(1 <3) surface reconstruction on the
free Au(110) surface. This suggestion predicts that the RAS profiles obtained for the
cytosine on the Au(110)/liquid interface observed at -0.4 V and -0.6 V should be a
sum of the Au(110) + cytosine profile obtained at 0.0 V and the Au(110) profiles at
-0.4 V and -0.6 V respectively, in each case weighted by the amount of free and
cytosine covered surface. The various RASprofiles obtained at -0.4 V should then
obey the following expression
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RAS {Au(110) + cytosineat -0.4 V} = RAS {Au(110) at -0.4 V} +
RAS {Au(110) + cytosine at0.0V} (4.2)
This was found to be the case and yielded the result that 63% of the Au(110) surface
was free of cytosine at -0.4 V. A similar analysis showedthat at -0.6 V 99% of the
Au(110) surface wasfree of cytosine.
It has been shown that on a mercury electrode [6] and on the Au(111)
surface [16] there is a phase transition between a physisorbed (planar) and
chemisorbed (vertical) orientation of cytosine on the electrode surface as the
potential on the electrode is changed from negative to positive. Since the RAS
profile of cytosine [5], like that of adenine [40], is very sensitive to the orientation of
the molecule on the surface the results of figure 4.10 (b) where shape of the RAS
profile is shown to be independentof the applied voltage establishes that there is no
voltage induced phasetransition on this surface.
The RASstudies of Au(110) + cytosine giverise to different results to those
arising from the RASstudies of Au(110) + adenine when both experience varying
the electrode potentials. It is clear that at saturation and sub-saturation coverage both
molecules form base stacked rows in which individual molecules are oriented
vertically on the surface and with their long axis along a [1 10] direction. However
the two molecules differ in that cytosine “freezes” the Au(110) surface whenit is
adsorbed at 0.0 V whereas adenine does not. These results are used to suggest that
the cytosine adopts an adsorption geometry in which molecules are orientated with
the long axis of the molecules along the [1 10] direction and with the molecule
bonding through the NH2 group, the N(3) site and possibly the O(8)site to three Au
atomsat the top of the Au [1 10] rowsas showninfigure 4.11 (a). In contrastto this
work on the RAS of cytosine on Au(110) the equivalent RAS experiments of
adenine did not show the samefreezing of the underlying Au(110)-(1 x 1) surface
structure [40]. This could be attributed to the relative size and charge of the cytosine
being larger as well as having the three hydrogen bonding sites compared to only
two in adenine. The presence of the oxygen atom in cytosine facilitates a greater
attraction to the Au(110) surface. Figure 4.11 showsthe different arrangements of
the two bases on the (1 X 1) unreconstructed surface.
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 Figure 4.11: Shows the proposed stacking arrangementof cytosine (left) and adenine (right) on the
Au(110) surface.
4.7 The Effect of pH on the RAS of Cytosine on Au(110)
This subsection describes the influence of pH on the RAS observed following the
adsorption of cytosine onto the Au(110) surface. The Au(110) crystal was prepared
as previously described and added to the electrochemical cell on three separate
occasions each of which contained either a neutral solution of 0.1M
NaH2PO,/K2HPOs,(pH 7.1), an acidic solution of 0.1 M H2SOx4 (pH 1.2) or a basic
solution of 0.1 M of KOH (pH 12.8). For each experimentthe final concentration of
cytosine in solution was 100 uM.
The previous study [5] showed the RAS of Au(110) after the adsorption of
cytosine at pH 7.1. Figure 4.12 (a) shows the RA spectra of Au(110) in each of the
three pH solutions. As already described in Chapter 3, there are clear differences
between the RA spectra of the Au(110) in acidic, basic and neutral pH solutions.
Figure 4.12 (b) shows the RA spectra of the Au(110) + cytosine in pH 1.2 (blue
line), pH 7.1 (red line) and pH 12.8 (green line). Figure 4.12 (c) shows the
difference spectra obtained by subtracting the RA spectra of Au(110) in each
solution from the corresponding RA spectra of Au(110) + cytosine.
There is a major difference between the RA spectra of Au(110) + cytosine in
the varying pH solutions. Figure 4.12 (b) does not show the expected and previously
observed cytosine shoulder between 4.0 eV and 4.5 eV when at pH 1.2. Howeverat
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pH 12.8, the shoulder on the RA spectrum is observed which suggests the cytosine
molecules are ordered across the Au(110) surface.
Previous studies [15,16] show that cytosine does adsorb at acidic pH values
regardless of the cytosine being protonated. The difference in results shown in this
study and those described in [15,16] can be attributed to the fact that RAS can detect
downto 1/200" of a monolayerif the molecules are adsorbed in an ordered manner.
Since the previous work [15,16] indicated that adsorption does occurat pH 1 thenit
is reasonable to conclude that the cytosine monolayer is random and therefore
undetectable with RAS. There is some evidence to suggest that cytosine can form
dimers on the surface, which would havetransitions that would align themselves in
the opposite sense thereby cancelling the effect.
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Figure 4.12 (a): The RA spectra of Au(110) in pH 1.2 (blue line), pH 7.1 (red line) and
pH 12.8 (greenline).
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Figure 4.12 (b): The RA spectra of Au(110) + 100 uM ofcytosine in pH 1.2 (blueline),
pH 7.1 (red line) and pH 12.8 (greenline).
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Figure 4.12 (c): The RA spectra of cytosine at pH 1.2 (blue line), pH 7.1 (red line) and pH 12.8
(green line) obtained from subtracting the RA spectra of Au(110) from the corresponding RA spectra
of Au(110) + cytosine.
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4.8 Theoretical Modelling of the RAS of Au(110) +
Cytosine
The RA spectra of Au(110) and Au(110) + cytosine were simulated using the
Lorentzian Transition Model described in Chapter 3. Figures 4.13 (a) and (b) show
the RA spectra of Au(110) and Au(110) + 0.1 uM of cytosine, the smallest
concentration of cytosine used, with the simulated RA spectra respectively. Figures
4.13 (c) and (d) show the RA spectra of Au(110) and Au(110) + 100 uM of
cytosine, the largest concentration of cytosine used, with their simulated RA spectra
respectively. Table 4.2 lists the parameters used to generate these simulations as
well as the parameters used to simulate the RA spectra of Au(110) after the addition
of the two intermediate concentrations, 0.5 4M and 20 uM ofcytosine. The
simulated RA spectra of Au(110) were generated with four transitions that are
polarised along the [001] direction, 1.60 + 0.20 eV, 3.45 + 0.06 eV, 4.60 + 0.07 eV
and 5.64 + 0.15 eV,and the final transition directed along the [110] at an energy of
3.90+0.07 eV. The simulations of the RAS of Au(110) were accurate
representations of the experimental data with the exception of the two extremes of
the simulations (1.5 eV to 2.2 eV and 5.0 eV to 5.5 eV). The tworegionsdifficult to
simulate, 1.5 eV to 2.2 eV and 5.0 eV to 5.5 eV, are the regions where the DC
componentof the experimentis either climbing orfalling respectively, therefore the
experimental data within these regions may not give as accurate representation of
the optical response of the sample dueto the limitations of the apparatus. In spite of
the limitations of the apparatus, the transition energies used for the simulations were
relatively consistent with one and other and only slight changes were necessary for
the values ofFWHM,I, andtherelative intensities, S.
The objective of the simulations is to interpret the change in RAS of the
substrate after the adsorption of the molecules. As expected from subsection 4.2,
there are two optical transitions that occur within the energy range of the RA
spectrometer, one at 4.30 eV and the other at 5.50 eV. The adsorption of cytosine
onto the Au(110) surface gives rise to an increase in intensity of the RA spectra an
affect which spreads across a broad energy range of the spectrum (2.40 eV -
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5.50 eV). The changes to the RA spectra of Au(110) induced by the adsorption of
cytosine can successfully be simulated by the Lorentzian Transition Model with the
addition of two transitions to the five existing transitions used to simulate the clean
Au(110) surface; the two transitions occur at 4.30 + 0.05 eV and 5.50 + 0.06 eV.
Theprevious study [5] simulated the RASobtained after the addition of 100 uM of
cytosine to the Au(110) interface and the parameters used in their simulation are
comparable to those used for this simulation. This chapter reports an extension of
the work by Weightman ef al [5] by obtaining experimental and theoretical
representations of sub-saturation coverage of cytosine at the Au(110)/electrolyte
interface.
The results shown in table 4.2 indicate that the cytosine molecules are
aligned along the [1 10] direction and that the energies of the two optical transitions
used to simulate the RA spectra are consistent with those that occur in the cytosine
molecule. In addition, the relative strength of the optical transition at 4.30 eV
increases as the concentration of cytosine increase and the relative strength of the
5.50 eV transition, for the two highest concentrations of cytosine is much larger
than those of the two lowest concentrations of cytosine adsorption.
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Figure 4.13 (a): The RA spectra of Au(110) in pH 7.1 before the addition of 0.1 uM of cytosine
(blue line) and the corresponding simulated RA spectra (redline)
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Figure 4.13 (b): The RA spectra of Au(110) in pH 7.1 after the addition of 0.1 uM of cytosine
(blue line) and the corresponding simulated RA spectra (red line).
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4.9 Conclusions
This chapter shows that as the concentration of the cytosine solution added to the
electrochemicalcell increases, the affect on the RA spectrum of Au(110) increases
and that saturation of the exposed Au(110) surface occurs with the addition of the
maximum concentration of cytosine, 100 uM. At the lower concentrations of
cytosine, the surface of the sample consisted of regions of clean Au(110) and
regions covered with aligned cytosine molecules. Simulations of the sub-saturation
coverage were generated by the linear summations of the clean Au(110) RA
spectrum and the RA spectrum of Au(110) + 100 uM ofcytosine.
The application of ADRASestablishes that the optical axes of cytosine and
CMP,at the Au(110)/electrolyte interface, are in alignment with the principal axes
of the Au(110) substrate irrespective of whether there is saturation coverage of
cytosine or sub-saturation coverage. In addition the results indicate that the cytosine
molecule adsorbs to the Au(110) surface via the bonding sites located between the
NH2, N(3) and O sections of the molecule and that the adsorption of cytosine
prevents the reconstruction of the Au(110) substrate, an effect which is not observed
after the adsorption of adenine.
As a final point, experiments at variable pH were used to show that
cytosine adsorbs at the Au(110)/electrolyte interface at 0.0 V when in either a
neutral (pH 7.1) or basic (pH 12.8) solution but does not adsorb under acidic (pH
1.2) solutions.
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Chapter 5
The Detection of DNA Adsorbedat
the Au(110)/Electrolyte Interface
RAS has the sensitivity necessary to observe the adsorption of 1/200" of a
monolayer onto an Au(110) substrate. With the successful studies into the behaviour
of two of the nucleic bases (adenine and cytosine) and their corresponding
monophosphates (AMP and CMP), this chapter takes the study one step further in
the form of determining the RA spectra of ss-DNA and ds-DNA at the
Au(110)/electrolyte interface.
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5.1 Introduction
The applications of nucleic acid interactions have been revolutionized by the
development of high-throughput techniques that exploit DNA arrays. Understanding
these interactions is important for the development of more sensitive techniques for
identifying unknown DNA sequences and monitoring gene expression. Optical
techniques for probing nucleic acid interactions are particularly attractive since they
have the potential to monitor biomolecules in a liquid environment.
DNA adsorption onto different surfaces has been extensively studied by a
variety of techniques, including in-situ STM [1], AFM [2], SPR [3], SERS [4] and
the quartz crystal microbalance (QCM)[5]. However, there have been few studies of
adsorption onto Au surfaces withoutthe use of thiolation at the 5’-position [6] asthis
is the preferred method of attachment for gene therapy applications. The concept of
thiolation is discussed in section 5.3. RAS may provide a fast, cheap, sensitive and
direct method for monitoring how biomolecules such as DNA, RNAandproteins
behave on surfaces.
A previous study [7] established that both ss-DNA and ds-DNA form
ordered structures at the Au(110)/electrolyte interface and that the two types of
DNAwere distinguishable with the use of RAS. This chapter is an extension of the
work by Cuquerella et a/ [7] and reports the self assembled ordering of ss and ds
calf thymus DNAat the Au(110)/liquid interface.
5.2 The Structure of DNA
Crick and Watson established the structure of DNA in 1953 [8]. They found that
DNAhad the form of a double helix. Subsequently it has been shownthat there are
three structural forms of DNA, the A, B and Z forms as shownin figure 5.1. All of
these forms consist of phosphate sugar backbones that are hydrogen bonded
internally by four types of nitrogenous base; adenine (A), thymine (T), guanine (G)
and cytosine (C). The individualstructure of the bases restricts the base pair bonding
to A-T and C-G due to the number of available hydrogen bonding sites on each
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base. A and T share two hydrogen bonds whereas C and G share three. Adenine and
guanine are known as purines which are compounds made up ofa five and a six
membered ring. Cytosine and thymine are classed as pyrimidines and consist of a
six memberedring.
The B form of DNA is the most commonandconsists of a double helix and
has a major grove and a minor grove. The distance separating neighbouring base
pairs in the B form of DNAis 3.4 A andit takes ten base pairs to form onefull turn
of the helix, which equates to 34 A [9]. The A form of DNA is wider and shorter
than the B form and can be formed from the B form when in low water
concentrations. The A form requires a smaller distance to make a complete full turn,
23 A, butits greater width means that this consists of eleven base pairs. Thefinal
form of DNAis the Z form, a name chosen dueto the zigzag nature of the phosphate
backbone as opposed to the smoother phosphate backbonesexhibited by the A and B
forms. The Z form is left handed andits helix turns in the opposite direction to the
right handed A and B forms of DNA.It takes 46 A to complete one full turn, taking
twelve base pairs to do so. The Z form of DNA occurs most commonly in
environments of high salt concentration [9].
 
Figure 5.1: The three structural forms of DNA, A form (left), B form (centre) and the Z form (right).
Taken from [10].
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This chapter reports the adsorption of ds-DNA and ss-DNA on Au(110). The
difference between the ds-DNA and the ss-DNA is as the names suggest. The
ss-DNA consists of one phosphate backbone with the bases exposed to external
environments; the ds-DNA has the complementary strand as well and therefore
creates the double helix structure and the internal base pairing which is shielded
from external environments.
~ Sugar —~__
phosphate ~
backbone 
Figure 5.2: The structural differences between ds-DNA(left) and ss-DNA(right).
Adapted from [11].
Ribonucleic acid (RNA) is very similar to ss-DNA but there are structural
differences that need to be described for clarity. RNA is made up ofthe nitrogenous
bases, ribose sugars and phosphate groups, but DNA is made up of nitrogenous
bases, deoxyribose sugars and the phosphate groups. The deoxyribose sugar has one
less oxygen in comparison to the ribose sugar. The other difference between RNA
and ss-DNAis that RNA contains the nitrogenousbase uracil as opposed to thymine
in DNA.Uracil contains one less methyl group than thymine. The reason for using
ss-DNA for the experiments reported in this thesis and not RNA is that of direct
comparison. The changes in the RA response of ss-DNA and ds-DNA on the
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Au(110) surface can be attributed to the structure and orientation of the molecules
alone. If the RA response of ds-DNA were to be compared with that of RNA then
any changes could be attributed to structure, orientation and the change in
components between the two molecules.
5.3. DNA-Substrate Bonding
Many techniques used in the study of DNA require the DNA to beattached to
substrates. As mentioned previously, thiolated DNA is a common method of
attaching DNAto substrates. Thiolated DNA contains a sulfur atom, which readily
forms a bond with an Au substrate, or a cross linking molecule [12]. 11-
mercaptoundecylamine (MUAM)is a form ofcross linking molecule which can be
used to attach DNA to Au. One end of MUAMisthiolated (contains a sulphur
group) and bonds to Au whereas the other end has an amine group (NH?) whichis
free to react with other molecules [13]. Lee et al [14] use malemide ethyl glycol
(MEG) terminated disulphide to cross link between Au coated glass slides and
thiolated DNA.Lee ef al [15] have also used 1 1-mercapto-1-undecanol (MCU)as a
cross linking molecule between thiolated ss-DNA and Si wafers coated with Cr and
then Au. Si wafers coated in Au have also been used as substrates for DNA [16-17].
Other substrates can also be used to attach DNA [18-22]. Si(100) wafers have also
been used for directly attaching DNA [18] but the DNA film was found to
removable under high salt concentrations. H-terminated Si could be chemically
treated under UV light to produce an amine terminated Si surface that can react with
thiolated DNA [19]. Amine and thiolated DNA can also be attached to aminosilane
whenusing 1,4-phenylene diisothiocyanate (PDC) [20] and a more recent study by
Smith et al [21] has shown that DNA hybridisation can be detected when DNAis
attached to functionalised diamond surfaces.
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5.4 Detection of DNA on Au(110)
The experiments reported in this chapter employed an Au(110) crystal with
solutions made from NaH2PO, and K,HPO, (BDH, Analar grade) and calf thymus
DNA (Sigma-Aldrich) without further purification in Millipore ultra-pure water
(18 MQcm) and made oxygen-free by purging with argonpriorto use.
The experimental conditions of this study have onesignificant difference to
the previous work [7] where that experiment was undertaken with an applied
potential of 0.0 V vs SCE.In the work reported in this chapter there was no potential
control and the Au(110) is at the open circuit potential (OCP) which is +0.1 V in this
solution. This change in experimental procedure was due to the orientation of the
RA spectrometer being altered. In the previous study [7], the Au(110) sample was
positioned vertically in order to provide potential control, as shown in chapter 2. In
this experiment the Au(110) sample was positioned horizontally with the RA
spectrometer rotated through 90°. This change in orientation was to improve the
ADRASexperiments of DNA on Au(110) and give a more accurate description of
the orientation of DNA on Au(110). The Au(110) crystal was prepared in the usual
way by flame annealing but instead of being inserted into the electrochemicalcell, it
wasplaced into a glass Petri dish that had been cleaned in an acid bath. Since these
experiments, a new horizontally orientated electrochemical cell is being made so
that potential controlled ADRASexperiments can be conducted.
Figure 5.3 shows the UV-visible (UV-VIS) adsorption spectrum of a 15 ug/ml
solution of ds-calf thymus DNA showing the characteristic absorbance peak, Amax of
DNAat 260 nm (4.78 eV) [22]. The purpose ofthis experiment was to confirm that
there was an optical transition in the DNA that could be detected in the region of the
RA spectrometer.
Figure 5.4 (a) shows the RA spectra of Au(110), Au(110) + ds-DNAand ds-
DNA.Thelatter is obtained by subtracting the RAS of the Au(110) from the RAS of
the Au(110) + ds-DNA.Figure 5.4 (b) shows the RA spectra of Au(110), Au(110) +
ss-DNA and ss-DNA obtained similarly to that of the ds-DNA. In the first
E21
experiment 15 ug/ml of ds calf thymus DNA was addedto the solution but only
2.16 g/mlss calf thymus DNA wasaddedto the solution in the second experiment.
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Figure 5.3: The UV-VIS spectrum of a 15 g/ml solution of ds-calf thymus DNA in 0.1 M
NaH,PO,/K,HPO,.
The RA spectra of the Au(110) surface for both experiments are similar to
those published previously [23-26]. As in the previous work [7] the addition of
DNAgives rise to a general increase in the RAS amplitude from about 2.5 eV
onwards and the DNA transition which is expected at 4.78 eV interferes
destructively with the Au spectrum in this region thereby masking the step signal.
Also as previous work [7] showed, the addition of ss-DNA leadsto a larger increase
in the RASthanthe addition of ds-DNA.
The observation of RA spectra for both the ss-DNA and ds-DNA show the
presence of a monolayer upon the Au(110) surface in accordance with previous
work [7] where the spectra were attributed to ss-DNA adsorbing via the bases but
the ds-DNA having to attach via the phosphate backbonedueto its helical structure
and charge.
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Figure 5.4 (a): RA spectra of Au(110) (blue line), Au(110) + ds-DNA (red line) and ds-DNA
obtained by subtracting the RAS of Au(110) from the RAS of Au(110) + ds-DNA(greenline), all in
0.1M NaH»PO,/K,HPO,.
15 
10
Nn r—\
Re(
“*/
,)
x1
0°
Oo
' Nn L  -15 T T T T T T T
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Energy (eV)
Figure 5.4 (b): RA spectra of Au(110) (blue line), Au(110) + ss-DNA(red line) and ss-DNAobtained
by subtracting the RAS of Au(110) from the RAS of Au(110) + ss-DNA (greenline), all in 0.1 M
NaH,PO,/K,HPO,.
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5.5 ADRAS of DNA on Au(110)
If the optical response of a molecule arises from a numberof well-defined dipole
transitions and if the orientation of these transitions with respect to the molecular
axes is known then RAScanyield information on the orientation of the molecule
with respect to the surface. In favourable circumstances an analysis of the RAS
profile can be used to determine the three dimensional orientation of a molecule
adsorbed at a surface as shown in the recent study of cytosine and cytidine
5’- monophosphate [27] adsorbed at the Au(110)/electrolyte interface.
In two separate experiments the Au(110) sample was prepared in the usual
way, placed in a Petri dish and put into the RA spectrometer. The cell was then
rotated through 180° with respect to the axis of the incident light and the spectra
recorded at 10° intervals. Calf thymussolutions (15 pg/ml of ds calf thymus DNA
and 2.16 g/ml ss calf thymus DNA, for the first and second experiments
respectively) were then addedto the cell and left overnight to incubate and then the
RASwasrecordedat the sameorientations of the cell as measured for the Au(110).
The optical axes of the Au(110) surface are along the [001] and [1 10]
directions and the amplitude of the RAS across the whole wavelength range is
expected to follow a cos 20 dependence [27,28]. This relationship was obeyed by
the RAS of the Au(110)/electrolyte interfaces obtained before the addition of the
ds-DNA and ss-DNA as shown in figure 5.5 (a) and (b) respectively. Only the
spectra obtained for values of 8 of 0°, 45° and 90° are shownin the figures for clarity
purposes. The slight deviations from zero for the RAS obtained at 8 = 45° at some
wavelengths is probably due to small systematic errors in determining the precise
value ofthe origin for 0.
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Figure 5.5 (a): The RA spectra of Au(110) in 0.1 M NaH2PO./K,HPO,at 0° (blue line), 45° (green
line) and 90° (red line), before the addition of ds-DNA.
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Figure 5.5 (b): The RA spectra of Au(110) in 0.1 M NaH,PO,/K,HPO,at0° (blueline), 45°
(green line) and 90° (red line), before the addition of ss-DNA.
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Figure 5.6 (a) shows the RA spectra of Au(110) + ds-DNA in 0.1M
NaH2PO,/K2HPO, and figure 5.6 (b) shows the RA spectra of ds-DNA in 0.1 M
NaH2PO,/K2HPO, obtained from the subtraction of the RA spectra of Au(110) from
the corresponding RA spectra of Au(110) + ds-DNA.Theresults obtained for values
of 0 of 0° and 90° are very similar to those obtained previously [7], showing that the
adsorption of ds-DNA and ss-DNA can be distinguished as there are clear
differences between the two sets of data. The RASintensity at ~ 4.7 eV,resulting
from the optical response of the DNA, is much larger from the ss-DNA (figure 5.7
(a)) in comparison to the ds-DNA(figure 5.6 (a)) The new information in figures 5.6
(a) and (b) is the observation that at @ = 45° the RAS of ds-DNAself-assembled at
the Au(110)/liquid interface is essentially zero across the whole spectral range.
Figures 5.7 (a) and 5.7 (b) show the RA spectra of Au(110) + ss-DNA in
0.1 M NaH2PO.4/K2HPO,and the RA spectra of ss-DNA in 0.1 M NaH2PO4/K2HPO,
respectively. Again the results obtained for values of 0 of 0° and 90° are alike to
those reported in the previous study [7], with clear differences between the RA
spectra of ds-DNA and the RA spectra of ss-DNA. Figures 5.7 (a) and (b) show that
the RAS from ss-DNA experiment is approximately double that of the ds-DNA
experiment. As with the ds-DNA,at 6 = 45°, the RASof the ss-DNAself-assembled
at the Au(110)/electrolyte interface is close to zero across the whole spectral range.
The observation of a strong RASprofile from a molecule adsorbedat a surface
proves that the molecule adopts an ordered and anisotropic arrangement at the
surface. Figures 5.6 (a) and 5.7 (a) show that at an angle of 45° for both the ss-DNA
and ds-DNAadsorbed at the Au(110) surface, the RAS goesto zero acrossthe entire
spectral range. This result establishes that the optical axes of the molecules are in
alignmentwith the optical axes of the Au(110) surface.
Figure 5.8 (a) and (b) show the angular variation of the 4.7 eV peak intensity
as the sampleis rotated through 180° for the Au(110) with the addition of ds-DNA
and ss-DNArespectively. The angular variation of the ds-DNA (figure 5.8 (a)) and
ss-DNA(figure 5.8 (b)) follow the accepted dependence on cos 20.
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Figure 5.6 (a): The RA spectra of Au(110) + ds-DNA in 0.1 M NaH2PO,/K,HPO,at 0° (blueline),
45° (green line) and 90° (red line).
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Figure 5.6 (b): The RA spectra ds-DNAin 0.1 M NaH»PO,/K,HPO,at 0° (blue line), 45° (green line)
and 90°(redline).
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Figure 5.7 (a): The RA spectra of Au(110) + ss-DNAin 0.1 M NaH,PO./K,HPO,at 0°
(blue line), 45° (green line) and 90°(red line).
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Figure 5.7 (b): The RA spectra ss-DNAin 0.1 M NaH,PO,/K2HPO,at 0° (blue line), 45°
(green line) and 90° (redline).
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Figure 5.8 (a): The RAS peakintensity at 4.7 eV as a function of angle for Au(110) (blueline),
Au(110) + ds-DNA(red line) and ds-DNA(greenline),all in 0.1 M NaH,PO./K,HPO,.
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Figure 5.8 (b): The RASpeak intensity at 4.7 eV as a function of angle for Au(110)(blue line),
Au(110) + ss-DNA(red line) and ss-DNA(greenline), all in 0.1 M NaH,PO,/K,HPOs,.
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Previous work has shown that ds-DNA formsordered structures on Au(111)
[5,6]. The STM images obtained [6] of ds-DNA lying flat on a Au(111) surface
show DNA molecules are packed in a parallel arrangement with no variation in the
molecules orientation and have a diameter comparable to that found by Watson and
Crick. Similarly an AFM study [5], showed compact, parallel “rod-like” features for
ds-DNA on Au(111) which coincide with Watson and Crick’s measurementof the
diameter of the B form of DNA at 2 nm. Thus ds-DNA formsstable and ordered
saturated layers on Au(111) [29] and furthermore the DNA electrodes are stable
after long and dry storage [30], which suggests that the interactions between the
phosphate backboneandthe gold are strong.
As discussed in detail in [7] the conclusion from this and previous work [7]
that ss-DNA formsordered structures on Au(110) contrasts with previousstudies of
ss-DNA adsorbed on Au(111) [5,6] which indicate that ss-DNA did not form
ordered monolayers. Investigations using electrochemical STM (EC-STM) [5]
suggest that the ss-DNA is more likely to form a supercoiled structure, giving
densely packed blobstructures on Au(111). In addition to this, an AFM study shows
little, if any ordering and the strands are “merely tangled up andpiled up on the
electrode surface irregularly, forming bumpsand holes”[6].
5.6 DNA on Polycrystalline Au
The RA spectra discussed earlier suggest that ds-DNA and ss-DNA exhibit
preferentially ordered structures on the Au(110) surface. Subsequent experiments
reported in this section, were then conducted using ds-DNA and ss-DNA on a
polycrystalline Au crystal. The purpose of this experiment was to determine whether
the preferential ordering of the DNA wasattributable to the structure of the Au(110)
surface or due to interactions between strands of DNA.
A polycrystalline Au crystal was prepared in the same manner as the
Au(110) crystals. This time the sample wasplaced into the electrochemical cell held
at 0.0 V vs SCEin 0.1 M NaH2PO,/K,HPO,in order to compare data with [7]. The
sample was then rotated in the RA spectrometer at 10° intervals and spectra taken.
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Figure 5.9 (a) shows the ADRASdata of the polycrystalline Au sample. The RA
spectra of polycrystalline Au show a mixture of flat lines and some line shapes
whichbare slight resemblanceto the spectral shape of an Au(110) crystal. The blend
of spectral shapesis attributed to the polycrystalline Au sample having regions of
Au(110) and Au(111) domains. Asthe polycrystalline Au had not been used in RAS
before, the spectral shapes could not be normalised with regards to the polariser, this
is why the RA spectra have varied positions with respect to the y-axis. A calf
thymus ds-DNAsolution (100 pg/ml) was then addedto the cell and left overnight
to incubate and then the RAS wasrecorded at the same orientations of the cell as
measured for the bare polycrystalline Au sample. Figure 5.9 (b) shows the RA
spectra of polycrystalline Au + ds-DNA in 0.1 M NaH2PO,/K,HPOg. It showsthat
at some angles (0° and 100°) the increase in RASafter the adsorption of ds-DNA is
muchgreater than at some other angles (20° and 180°). It can be seen that the RA
spectra which display similarities to the RA spectra of Au(110) have the changes in
RASshape after the adsorption of ds-DNA, but those which do not have the
resemblance to the RAS of Au(110) are not affected. Figure 5.9 (c) shows the
subtracted RA spectra.
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Figure 5.9 (a): The RA spectra of polycrystalline Au as a function ofangularrotation, 0, from 0° to
180° at 0.0 V vs SCE in 0.1 M NaH2PO4/K2HPOx.
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Figure 5.9 (b): The RA spectra of polycrystalline Au + ds-DNAasa function of angular rotation,0,
from 0° to 180° at 0.0 V vs SCE in 0.1 M NaH,PO,/K,HPO,.
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It is deduced from the results that the ds-DNA does adsorb onto a
polycrystalline Au sample. However the results remain inconclusive as to whether
the ds-DNA adsorbs only on the Au(110) domains or if the adsorption onto the
Au(111) domains in disordered and therefore not being detected by the RAS. The
main difficulty with the polycrystalline sample is that the domains of each low index
plane are larger than the area of the light hitting the sample from the RA
spectrometer (~12 mm”) so that when the sample is rotated, the beam will obtain
data from different combinations of domains. Figure 5.10 is an image of the
polycrystalline Au sample taken using a polarising microscope andit showsthe size
of the domains.
These inconclusive results do not answer the question as to whether the
ordering of the ds-DNA and ss-DNA on the Au(110) surface arises because oftheir
interactions with the ordered Au(110) substrate or because of interactions between
different DNA molecules.
 
Figure 5.10: A polarising microscope imageofthe polycrystalline Au sample.
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5.7 Conclusions
This chapter shows that long sequences of ds-DNA and ss-DNA adsorb at the
Au(110)/liquid interface. The work reported in this chapter is an extension of the
work of Cuquerella e¢ al [7]. It shows that ss-DNA produces a greater increase in
intensity over the RA spectrum of the Au(110) surface than the increase in intensity
that arises from the addition of ds-DNA to an Au(110) sample. In contrast to
previous work [7], which shows that ss-DNA and ds-DNA adsorb underpotential
control, this chapter reports that, ds-DNA and ss-DNA also adsorb via self
assembly.
As a final experiment, the RASof polycrystalline Au before and after the
adsorption of ds-DNA was used to try and determine whether the preferential
ordering of the ds-DNA and ss-DNA on Au(110) wasattributable to interactions
between the DNA and the Au(110) substrate or was due to DNA-DNAinteractions.
Unfortunately the results of this study were inconclusive.
134
5.8
[7]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
References
E. Shapir, H. Cohen, N. Borovok, A. B. Kotlyar and D. Porath,
J. Phys. Chem. B 110 4430 (2006)
D. Erst, B. Polyakov, H. Olin and E. Tuite, J Phys. Chem. B 107, 3591
(2003)
A. J. Thiel, A. G. Frutos, C. E. Jordan, R. M. Corn and L. M. Smith,
Anal. Chem. 69, 4948 (1997)
E. Koglin and J.-M. Séquaris, Topics Curr. Chem. 134, 1 (1986)
R. Y. Zhang, D. W. Pang, Z. L. Zhang, J. W. Yan, J. L. Yao, Z. Q. Tian,
B. W. Mao andS.G. Sun, J. Phys. Chem. B 106, 11233 (2002)
Y. D. Zhao, D. W. Pang, S. Hu, Z. L. Wang, J. K. Cheng, Y. P. Qi,
H. P. Dai, B. W. Mao, Z. Q. Tian, J. Luo and Z. H. Lin, Anal. Chim. Acta.
388, 93 (1999)
M.C. Cuquerella, C. I. Smith, D. G. Fernig, C. Edwards and P. Weightman,
Langmuir 23, 2078 (2007)
J. D. Watson and F. H. C. Crick, Nature 171, 737 (1953)
G. L. Zubay in Biochemistry (Wm. C. Brown Publishers, Dubuque, IA,
1998) Page 743
www.humboldt.edu/~rap 1/BiochSupp/LectSlid_Imgs/A-DNA_B-DNA_Z-
DNA_8.png
http://images2.clinicaltools.com/images/gene/dna_vs_rna_reversed_large.jpg
E. A. Smith, M. J. Wanat, Y. Cheng, S. V. P. Barreira, A. G. Frutos, and
R. M. Corn, Anal. Chem. 73, 1 (2001)
E. A. Smith, M. J. Wanat, Y. Cheng, S. V. P. Barreira, A. G. Frutos, and
R. M. Corn, Langmuir, 17, 2502 (2001)
C-Y. Lee, P-C. T. Nguyen, D. W. Grainger, L. J. Gamble and D. G.Castner,
Anal. Chem. 79, 4390 (2007)
C-Y. Lee, P. Gong, G. M. Harbers, D. W. Grainger, D. G. Castner and
L. J. Gamble, Anal. Chem. 78, 3316 (2006)
135
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
D. Y. Petrovykh, H. Kimura-Suda, L. J. Whitman and M.J. Tarlov, J. Am.
Chem. Soc. 125, 5219 (2003)
F. Ricci, R. Y. Lai, A. J. Heeger, K. W. Plaxco and J. J. Sumner, Langmuir
23, 6827 (2007)
L. A Chrisey, G. U. Lee and C. E. O'Ferrall, Nucl. Acids Res. 24, 3031
(1996)
Z. Lin, T. Strother, W. Cai, X. Cao, L. M. Smith and R. J. Hamers, Langmuir
18, 788 (2002)
P. T. Charles, G. J. Vora, J. D. Andreadis, A. J. Fortney, C. E. Meador, C.
S. Dulcey and D. A. Stenger, Langmuir 19, 1586 (2003)
A. Bowfield, C. I. Smith, G. J. Dolan, M. C. Cuquerella, C. P. Mansley and
P. Weightman, e-J. Surf: Sci. Nanotech. 7, 225 (2009)
V. A. Bloomfield, D. M. Crothers and I. Tinoco, Nucleic Acids Structures,
Properties and Functions (University Science Books, California, 2000)
V. Mazine, Y. Borensztein, L. Cagnon and P. Allongue, Phys. Status Solidi A
175, 311 (1999)
B. Sheridan, D. S. Martin, J. R. Power, S. D. Barrett, C. I. Smith,
C. A. Lucas, R. J. Nichols and P. Weightman, Phys. Rev. Lett. 85, 4618
(2000)
V. Mazine, Y. Borensztein, Phys. Rev. Lett. 88, 147403 (2002)
P. Weightman, C. I. Smith, D. S. Martin, C. A. Lucas, R. J. Nichols and
S. D. Barrett, Phys. Rev. Lett. 92, 199707 (2004)
P. Weightman, G. J. Dolan, C. I. Smith, M. C. Cuquerella, N. J. Almond,
T. Farrell, D. G. Fernig, C. Edwards and D. S. Martin, Phys. Rev. Lett. 96,
086102 (2006)
P. Weightman, D. S. Martin, R. J. Cole and T. Farrell, Rep. Prog. Sci. 68,
1251 (2005)
J. Wang, M.Jiang and B. Mukherjee, Bioelectrochemistry 52, 111 (2000)
Y. D. Zhao, D. W. Pang, Z. L. Wang, J. K. Cheng and Y. P. Qi,
J. Electroanal. Chem. 431, 203 (1997)
136
Chapter 6
The Effect of a Phosphate Solution
on the RAS of DNA on Au(110)
This chapter investigates the phosphate buffer solution which surrounds the DNA
and determines the effect it has on the RAS of the sample. An explanation is given
as to why the changes occur and howthese changes lead to a possible mechanism
for the survival of these biological molecules before the existence of the ozone layer
when the Earth was inundated with harmful UV radiation.
137
6.1 Introduction
It can be seen from previous chapters that there is an interaction between the
Au(110) single crystal surface and the molecule in solution. The dipole moment of
the molecule appears to interact with the dielectric function of the Au(110) surface.
This chapter addresses the issue of the extent to which the solution contributes to
this coupling effect.
This section reports several experiments which describe the behaviour of the
RASobtained from Au(110) after the adsorption of cytosine, CMP, a molecule
known as poly-C (10 nucleotides (nts)) which is a chain of ten CMP molecules
connected through the sugar phosphate backbone of DNA, ss-DNA and ds-DNA.In
each case the RAS before and after the adsorption of the molecule is obtained,
followed by the RAS of the Au(110) and molecule after an hour of drying and then
when immersed back into the phosphate buffer solution.
6.2 Comparing the RAS of Cytosine, CMP and Poly-C on
Au(110) In and Out of Solution
This section reports a comparison of the RAS of cytosine, CMP and poly-C (10nts)
adsorbed on the Au(110)/electrolyte interface in three separate experiments. The aim
of these experimentsis to establish an understanding oftherole ofthe solution in the
coupling of the dielectric response of the Au with the biological molecule. The
reason for investigating cytosine, CMP andpoly-C is to progressively build upwards
towards a full strand of DNA. The CMPis a cytosine base with a sugar and a
phosphate group; poly-C is just ten molecules of CMP boundtogether as shown in
figure 6.1.
In separate experiments, Au(110) crystals were prepared as described in
section 2.4 and added to a Petri dish containing 0.1 M NaH2PO4/K2HPO,buffer
solution. In the first experiment 100 uM of cytosine was added to the solution and
the cytosine was allowed to self assemble at the Au(110) surface. An RA spectrum
was obtained from the Au(110) + cytosine, after which the buffer solution was
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removed, the sample was allowed to dry for one hour and then a further RA
spectrum was obtained. Fresh buffer solution was then added to the Petri dish in
order to rewet the sample, left for an hour and then a final RA spectrum was
obtained.
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Figure 6.1: Structure of poly-C (10nts).
Figure 6.2 shows the RA spectra obtained from the Au(110), the Au(110) +
cytosine, Au(110) + cytosine when dry and the Au(110) + cytosine when rewet.It
can be seen from figure 6.2 that the addition of cytosine to Au(110) increases the
overall intensity of the RAS obtained from clean Au(110) and produces the shoulder
feature at 4.3 eV as seen in previous work [1]. The removal of the buffer solution
from the cell gives rise to a decrease in RAS from 2.5 eV to 5.5 eV. Adding the
clean buffer solution results in the RAS obtained from the Au(110) + cytosine when
rewet to increase to an intensity just above that of the original RAS of Au(110) +
cytosine in buffer solution.
In section 4.3, it was suggested that the reduction in intensity of the RAS of
Au(110) + cytosine across the entire spectral range can be attributed to a reduction
in the number of molecules adsorbed at the Au(110)/electrolyte interface caused by
the lowering of the cytosine concentration in solution. However figure 6.2 shows
that in this case, the reduction in intensity across the spectral range can not be
attributed to a reduction in the number of cytosine molecules adsorbed at the
Au(110) surface because when fresh buffer solution is put back into the cell, the
RASobtained from the Au(110) + cytosine increases back to an intensity similar to
that obtained prior to the drying procedure.
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Figure 6.2: The RA spectra of Au(110) (black line), Au(110) + cytosine in solution (greenline),
Au(110) + cytosine after drying (red line) and Au(110) + cytosine rewet in solution (blue line).
Figure 6.3 shows the RA spectra obtained from the Au(110), and the
Au(110) after the adsorption of CMP, when wet, dried and rewetin buffer solution.
The behaviour of the Au(110) + CMP is similar to that of the Au(110) + cytosine as
seen in figure 6.2 when wet, dry and rewet. However, the intensity of the RAS
obtained from Au(110) + CMP when wet and dry is smaller than that of the
corresponding RA spectra Au(110) + cytosine. Another difference is that the relative
intensity of the RA spectrum obtained from the rewet Au(110) + CMP compared to
its corresponding wet RA spectrum, is higher than those obtained from Au(110) +
cytosine.
Figure 6.4 shows the RA spectra obtained from the experiment of poly-C
adsorbed on the Au(110) surface. It shows the RA spectra of the Au(110), Au(110)
+ poly-C, Au(110) + poly-C when dry and Au(110) + poly-C when rewetin buffer
solution. Figure 6.4 shows that the intensity of the RA spectra obtained from
Au(110) + poly-C when wet and dry have a reducedintensity in comparison to the
Au(110) + CMP when wet and dry. Therelative intensity of the RA spectrum of
Au(110) + poly-C when rewet is much larger than that of the corresponding RA
spectrum of Au(110) + CMP.
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Figure 6.3: The RA spectra of Au(110) (black line), Au(110) + CMPin solution (greenline),
Au(110) + CMPafter drying (red line) and Au(110) + CMP rewet in solution (blueline).
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Figure 6.4: The RA spectra of Au(110) (black line), Au(110) + poly-C in solution (green line),
Au(110) + poly-C after drying (red line) and Au(110) + poly-C rewetin solution (blue line).
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Comparing the three experiments described in figure 6.2, 6.3 and 6.4,it can
be seen that as the size of the molecule increases(i.e. in the sequence of cytosine,
CMP,poly-C), the intensity of the original RA spectra obtained from the Au(110) +
molecule in solution decreases.
It is known that the cytosine and the CMP molecules both adsorb at the
Au(110)/electrolyte interface in alignment with the [110] axis of the Au(110)
substrate and that any variations in the RASarising from the changes in molecule,
are notattributed to the realignment of the molecules [6]. ADRAS experiments were
then conducted in order to clarify that the poly-C molecules behave in a similar
manner to cytosine and CMPandtherefore rule out the changes in the RA spectrum
observed from the Au(110) + poly-C being due to the molecule changing its
orientation. Figure 6.5 shows the ADRASobtained from Au(110) + poly-C in 0.1 M
NaH2PO.4/K2HPO,. It shows that the RA profile of the Au(110) + poly-C reduces to
zero across the entire spectral range at 45°. This result establishes that the cytosine
bases of the poly-C are also aligned with the [1 10] axis of the Au(110) substrate.
Furthermore, this result reinforces the idea that the changesin the total intensity of
the RA spectra obtained from Au(110) after the adsorption of cytosine, CMP and
poly-C respectively, are attributed to the reduction in the number of molecules
adsorbing at the Au(110)/electrolyte interface.
Figures 6.6 and 6.7 show the ADRASresults obtained from the Au(110) +
poly-C when dried and rewet in phosphate buffer solution respectively. Figure 6.6
shows the previously described reduction in RASacross the entire spectral range,
whereas figure 6.7 showsthe increase in RAS. Both figures 6.6 and 6.7 show thatat
45° and 135°, the RAS across the entire spectral range goes to zero. This result
indicates that the cytosine bases from the poly-C molecules align with the [110] axis
of the Au(110) substrate regardless of the phosphate buffer being presentor not.
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Figure 6.5: The RA spectra of Au(110) + Poly-C as a function of angularrotation, 0, from 0° to 180°
in 0.1 M NaH»PO,/K,HPO,.
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Figure 6.6: The RA spectra of Au(110) + Poly-C as a function of angular rotation, 0, from 0° to 180°
dry.
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Figure 6.7: The RA spectra of Au(110) + Poly-C as a function of angularrotation, 0, from 0° to 180°
in 0.1 M NaH,PO,/K,HPO, rewet.
The comparison of the RA spectra obtained from the Au(110) after the
adsorption of cytosine, CMP and poly-C after the systems have been allowedto dry,
shownin figures 6.2, 6.3 and 6.4 respectively, shows that the removal of the buffer
solution decreases the intensity of the optical response of the Au(110) + molecule.
Figures 6.2, 6.3 and 6.4, show that the subsequent addition of fresh buffer solution
to the Petri dish increases the optical response of the Au(110) + molecule beyond
that obtained originally. However, adding the solution back into the Petri dish had a
different effect on the RAS of the three molecules. Figure 6.2 shows that adding
buffer solution back into the dish results in the RA spectrum obtained from Au(110)
+ cytosine to be larger than the original Au(110) + cytosine, similarly with CMPin
figure 6.3 and poly-C in figure 6.4. Table 6.1 lists the RAS peak intensities at the
2.6 eV, 3.6eV and 4.3 eV obtained from the adsorption of cytosine, CMP and
poly-C.It can be seen that the rewetting of the sample givesrise to increases in RAS
peak intensities on original RAS data of Au(110) + molecule and that the increase is
proportionalto the size of the molecule adsorbed at the Au(110) surface.
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The observation that the dry samples show a reducedintensity RA spectrum
that the intensity of the RAS of the wet specimen is enhanced by the surrounding
hydrogen bonding network of the liquid. The way in which the cytosine base
adsorbs onto the Au atoms allows water molecules to fit between adjacent cytosine
molecules. It is suggested that the water couples dipole response of the molecule to
the dielectric response of the Au(110) surface. When the solution is removed, the
coupling effect between the optical response of the Au andthe cytosine willbelost.
 
RASIntensity at
26eV 36eV 43eV
Au + cytosine Wet -15.35 -15.75 -12.78
Dry -15.71 -12.70 -9.92
Rewet -16.33 -16.18 -13.53
Au + CMP Wet -14.88  -15.97 -12.53
Dry -13.21 -12.04 -8.38
Rewet -1640 -1740 -14.20
Au + poly-C Wet -12.10 -13.33 -6.82
Dry -10.37 -8.86 -3.48
Rewet -14.89 -15.98 -11.33
 
 
Table 6.1: The RAS peak intensities at 2.6 eV, 3.6 eV and 4.3 eV after the adsorption of cytosine,
CMPand poly-C.
Whenthe buffer solution is put back, coupling between the dipole response
of the molecule and the dielectric response of the Au(110) surface is higher than in
the initial experiment. It has been shown in this chapter and chapter 4 that the
changes in RAS of Au(110) + molecule when wet and dry do not arise from the
molecules desorbing from the Au(110) surface or from the molecules changing their
orientation on the Au(110) surface. The ADRASresults show that the entire RAS
obtained from the Au(110) + each molecule becomes featureless across the entire
spectral range at angles of approximately 45° when wet, dry or rewet; a result which
can be usedto discard the possibility of the cytosine bases changingtheir orientation
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or forming dimerised structures in these conditions. If the bases were to form
dimerised structures then the RAS obtained from Au(110) + molecule would not
give rise to featureless spectra across the whole energy range. Another possibility
for the RA spectra obtained from Au(110) + molecule to change when in phosphate
buffer solution, dried and then rewet in buffer solution, is the Au(110) surface
reconstructing. However, as seen in section 4.6, the adsorption of cytosine at the
Au(110) surface gives rise to a “freezing” of the Au(110) surface structure and
therefore rules out the changes in RAS being attributed to the Au(110) surface
reconstructing.
It has been established that the changes in RAS obtained from Au(110) +
molecule in the different environments are not caused by the desorption of
molecules from the Au(110) or changes in the molecular orientation or the Au(110)
surface reconstructing. An alternative explanation for why the RA spectra of the
rewet surfaces are more intense than the original wet surface might be due to the
buffer solution removed from the cell containing surplus molecules of either
cytosine, CMPor poly-C. The difference between the original RA spectra obtained
from Au(110) + molecule in solution and the RA spectra obtained from Au(110) +
molecule when rewet in fresh phosphate buffer solution can be attributed to the
removal of any excess cytosine, CMP or poly-C in solution. It is suggested that
these changes are due to variations in the coupling of the dipole response of the
molecule to the dielectric response of the Au(110) surface. However if the excess
molecules were to absorb the light whilst in the phosphate buffer solution, they
would only absorb light between 4.0 eV and 5.0 eV and notgiverise to the changes
in RASintensity of the Au(110) + molecule between the energies of 2.5 eV and
4.0 eV. Therefore the removal of excess molecules would increase the coverage of
water surrounding the molecules at the Au(110) surface, increasing the three
dimensional long range ordering of the surrounding hydrogen bonding network and
thus improveits efficiency of dissipating energy from the surface.
However, as previously discussed, there is a difference observed in the rewet
RA spectra of Au(110) after the adsorption of cytosine, CMP and poly-C. If the
efficiency of the hydrogen bonding network is key to the coupling between the
dielectric response of Au(110) and the dipole moment of the molecule, then the
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relative sizes of the excess molecules removed from the buffer solution could relate
to the percentage increase in efficiency of the hydrogen bonding network. A
relatively large poly-C molecule would have greater interference on the hydrogen
bonding network in comparison to that resulting from the presence of a much
smaller cytosine molecule. This would explain why the increase in RASobtained
from Au(110) + poly-C when wet to rewet is larger than the corresponding
experiments using CMP,whichin turn is larger than that of cytosine.
6.3 Molecular Simulations
Asthe optical response ofall three biological molecules, in the 1.5 eV to 5.5eV RA
spectrometer range, only arises from the twotransitions of the cytosine base, any
changesin the intensity of the RAS between the three molecules can beattributed to
variations in the number of molecules adsorbed at the Au(110) surface; as described
in chapter 4 of this thesis. One would expect that as the size of the adsorbed
molecule increases, the number of available bonding sites must decrease. If a
cytosine molecule occupies the length of three Au atoms along the closed packed
rows, as shown in chapter 4, then the CMP might be expected to occupy moresites
due to the sugar and phosphate groups preventing close packing of the bases on the
Au(110) surface. Similarly, the poly-C is expected to occupy more Ausites due the
steric hindrances of the phosphate backbone bonding the cytosine bases in a manner
that restricts some rotations of the molecule. Results from CrystalMaker®, a
molecular modeling software programme, suggest that if two cytosine molecules
occupy six Au atoms along the close packed row,then it is reasonable to suppose
that two CMP molecules require a minimum of seven Au atomsandthat the poly-C
requires eight. If this is the case, that implies that in comparison to available sites
occupied by cytosine, approximately 17% of the underlying Au(110) would be
“free” between CMP molecules and approximately 33% for the poly-C.
Figure 6.8 shows a schematic of how the cytosine, CMP and poly-C
molecules would adsorb at the Au(110)/electrolyte interface. Note that figure 6.8 is
not drawnto scale and that the poly-C only contains four cytosine basesforclarity.
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   NOT TO SCALE
Figure 6.8: A schematic of Au(110) after the adsorptionof(a) cytosine, (b) CMP and
(c) poly-C.
A simple simulation supports the view that 17% and 33% of the Au(110)
atoms are unoccupied following the adsorption of CMP and poly-C respectively.
The simulation was a linear summation similar to that of section 4.4. It used a
summation of a percentage of the RAS data obtained from Au(110) + cytosine and a
percentage of the data obtained from clean Au(110) to try and estimate the
percentage of clean Au after the adsorption of CMP and poly-C respectively.
Figures 6.9 and 6.10 show the summations calculated and the experimental RAS
data obtained from the Au(110) + CMP and Au(110) + poly-C respectively. The
simulations showed that after the adsorption of CMP on Au(110) there was 18%
clean Au and after the adsorption of poly-C on Au(110) there was 35% clean Au.
The numbers generated by the simulations and the numbers defined by the
molecular modeling software are in very close agreement with one and other.
However there are slight differences between experimental and simulated RA
spectra; as seen in figures 6.9 and 6.10, attributed to possible slight changes in
orientation of the cytosine bases on the Au(110) surface following the adsorption of
CMPand poly-C. The effect has been observed with adenine in previous work [2]
but is much weakerfor cytosine which “freezes” the Au(110) surface.
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Figure 6.9: The simulated RA spectrum of 82% Au(110) + cytosine and 18% Au(110) (blue line) and
the RA spectrum of Au(110) + CMPin 0.1 M NaH,PO,/K2HPO,(red line).
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Figure 6.10: The simulated RA spectrum of 65% Au(110) + cytosine and 35% Au(110) (blueline)
and the RA spectrum of Au(110) + poly-C in 0.1 M NaH»PO./K»HPO,(redline).
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6.4 The Theoretical Modeling of Au(110) + Cytosine
In a similar analysis to that described in section 4.8, the RA spectra obtained from
Au(110) and Au(110) + cytosine were simulated using the Lorentzian Transition
Model, as were the RA spectra obtained from Au(110) + cytosine when dry and
Au(110) + cytosine when rewetin phosphate buffer solution.
The experimental results reported in section 6.2 show that there are clear
differences between the RA spectra obtained from the Au(110) and Au(110) +
cytosine when wet, dry and rewet in phosphate buffer solution. Each of these
experimental RA spectra are now compared with simulated RA spectra that were
generated using the Lorentzian Transition Model. Table 6.2 lists the parameters used
to simulate the RAS data and the simulations are compared with the experimental
results in figures 6.11 (a) to (d).
Figure 6.11 (a) shows the experimental RA spectrum obtained from Au(110)
in 0.1 M NaH2PO4/K2HPO, and the simulated RA spectrum. There are regions
where the simulated RA spectrum does not quite match the experimental RA
spectrum but the simulation is deemed to be a close enough representation for what
follows. When comparing the parameters used to generate this RAS simulation
(from table 6.2) to the simulation of the RAS of Au(110) in section 4.8 (from table
4.2), it can be seen that the parameters used in the two simulations are very similar
and lie within quite small error boundaries.
Figure 6.11(b) shows the RA spectrum from Au(110) after the adsorption of
cytosine and the corresponding simulated RA spectrum. The simulation provides a
very accurate representation of the experimental RA spectrum and a comparison of
the parameters from table 4.2 with table 6.2 showsthat the numbersused to generate
each RA spectra are similar. One noticeable difference howeveris that the seventh
transition used for the simulation shown in figure 6.11(b) is a much broader
transition than its counterpart in section 4.8, figure 4.13 (d), this difference is
attributed to the apparatus undergoing improvementsto its sensitivity in the 5.0 eV
to 5.5 eV region of the spectrum between the two experiments.
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Figures 6.11 (c) and 6.11 (d) show comparisonsof the simulated RA spectra
of Au(110) + cytosine when the phosphate buffer solution is removed and Au(110)
+ cytosine when the buffer is replaced, respectively, with the corresponding
experimental RA spectra.
Figure 6.11 (c) showsthat the drop in the intensity of the RAS which arises
from the removal of the buffer solution can also be generated using the simulation.
Interestingly, the parameters required to model this effect in (table 6.2) the
simulated RA spectrum show only a need for a large alteration in the energy of the
first optical transition from 1.50 eV to 1.68 eV. However there are changes to the
intensities of the third, fourth and seventh transitions, showing that the intensities for
the simulation of the dry specimen are much larger than those of the original
simulation of the wet specimen. The comparison shownin figure 6.11 (d) and the
parameters used in the simulationlisted in table 6.2, show that when the fresh buffer
solution is replaced in the cell, the parameters required in the simulation return to
very similar numbers to those used to simulate the RA spectrum of Au(110) +
cytosine prior to the drying procedure. This result is another indication of the
importance of the liquid environment for the optical response of biological
molecules adsorbed at the Au(110) surface.
Thefirst optical transition simulated in the Lorentzian Transition Model is a
very strong transition which has an effect across the entire RA spectral range. The
fact that the transition is shifted to a higher energy and becomes much narrowerin
the dry environmentgivesrise to the reduction in intensity across the whole spectral
range. This supports the view that the phosphate buffer solution and its hydrogen
bonding network play a key role in enhancing the optical response of the Au(110)
surface and coupling the dielectric function of the Au(110) to the dipole moments of
the adsorbed cytosine molecules.
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Figure 6.11 (a): The RA spectra of Au(110) in 0.1 M NaH»PO,/K,HPO,j(blue line) and the
corresponding simulated RA spectrum (redline).
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Figure 6.11 (b): The RA spectra of Au(110) + 100 uM ofcytosine in 0.1 M NaH2PO.4/K2,HPO,
(blue line) and the corresponding simulated RA spectrum (red line).
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Figure 6.11 (c): The RA spectra of Au(110) + 100 uM ofcytosine no longer in 0.1 M
NaH»PO,/K,HPO,(blueline) and the corresponding simulated RA spectrum (redline).
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Figure 6.11 (d): The RA spectra of Au(110) + 100 pM of cytosine back in 0.1 M NaH,PO,/K,HPO,
(blue line) and the corresponding simulated RA spectrum (redline).
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6.5 Comparing The RAS of Au(110) + DNA In and Outof
Solution
The results described so far in this chapter have been used to suggest that the
phosphate buffer solution, and in particular the hydrogen bonding network within
the solution, enhance the RAS of an Au(110) surface after the adsorption of the
biological molecules cytosine, CMP and poly-C. Having observed in chapter 5 the
adsorption of calf thymus ss-DNA and ds-DNAon the Au(110) surface, it was only
natural to investigate the effect of the buffer solution on the ss-DNA and the ds-
DNAat the Au(110) surface. Consequently, as in to the experiments involving
cytosine, CMPand poly-C, the ss-DNA and ds-DNA wereleft to self assemble on
the Au(110) surface in 0.1 M NaH2PO,/K2HPOs. In each case an RA spectrum was
obtained before the adsorption of the DNA, after the adsorption, after the buffer
solution was removed and the sample allowed to dry, and finally a spectrum was
taken after fresh buffer solution was put back into the cell. For these experiments
investigating the two types of DNA on the Au(110) surface, the newly developed
UV RA spectrometer was employed in addition to the normal range RA
spectrometer. The sample wasprobed using both sets of apparatusat strategic times
in the experiments, i.e. before the adsorption of DNA,after adsorption, whilst dry
and finally when rewet in solution. The data from each RA spectrometer were then
matched together in the same fashion as that described in section 2.5, with the
intention of providing more accurate RA spectra over a widerspectral range.
Figure 6.12 shows the extended RA spectra obtained from Au(110), Au(110)
+ ds-DNA in buffer, Au(110) + ds-DNA with the buffer removed and Au(110) +
ds-DNA with the buffer put back into the cell. This figure showsthat the adsorption
of ds-DNAincreasesthe overall RAS of the Au(110) surface and givesrise to a very
broad peak between 4.5 eV and 6.5 eV. This is a similar result to that described in
section 5.4 of this thesis. It can also be seen that the drying process gives rise to a
decrease in the RAS between 2.5 eV and 4.5 eV, but between 4.5 eV and 6.8 eV the
RASis unchanged, a result which differs to that seen with cytosine, CMP and
poly-C in the range’ 4.5 eV to 5.5eV. The RA spectrum obtained from the dry
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sample has approximately the same RASintensity as the RA spectrum obtained
from the clean Au(110) sample between 2.5 eV and 3.5 eV. Howeverthe rewetting
of the sample results in an overall increase in RAS, this result is similar to that
observed with cytosine, CMP and Poly-C.
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Figure 6.12: The RA spectra of Au(110) (black line), Au(110) + ds-DNA in 0.1 M NaH2PO,/K,HPO,
(green line), Au(110) + ds-DNA dry (red line) and Au(110) + ds-DNA rewet in 0.1 M
NaH,PO,/K2HPO,(blueline).
Figure 6.13 shows the spectra obtained at the same experimental intervals as
those shown in figure 6.12 but this time it is with the adsorption of ss-DNA instead
of ds-DNA. The RA spectra obtained from the Au(110) sample is very similar for
both figures 6.12 and 6.13, but as seen in previous work [3] and in chapter 5 ofthis
thesis, there is a distinct difference of between the RA spectrum of Au(110) + ds-
DNAand the RA spectrum of Au(110) + ss-DNA. The RA spectrum of Au(110) +
ss-DNAhasa greater overall intensity than its ds-DNA equivalent.
Figure 6.13 also shows that the removal of the phosphate buffer solution
from the sample results in the RAS obtained from the Au(110) + ss-DNA to
decreaseacross the entire spectral range. This is a result whichis also observed with
cytosine, CMP,and Poly-C andto a lesser extent with the ds-DNA. This result is
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further evidence that there is a coupling between the dielectric function of the
Au(110) and the dipole moments in the biological molecules adsorbed at the
Au(110)/electrolyte interface.
The rewetting of the Au(110) + ss-DNA sample gives rise to an interesting
result. Unlike the adsorption of cytosine, CMP, poly-C and ds-DNA, the RAS
obtained from Au(110) + ss-DNA when rewetin phosphate buffer solution does not
result in an overall increase in intensity which is greater than that of the original RA
spectrum of Au(110) + ss-DNAin phosphate buffer solution.
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Figure 6.13: The RA spectra of Au(110) (black line), Au(110) + ss-DNA in 0.1 M NaH,PO./K,HPO,
(green line), Au(110) + ss-DNAdry (red line) and Au(110) + ss-DNA rewet in 0.1 M
NaH2PO./K2HPO,(blue line).
The results described above do not show a simple trend in which the
environmental dependence of the RASresults vary smoothly with the increasing
size of the biological molecules (cytosine, CMP, poly-C, ds-DNA and ss-DNA). In
section 6.2, which comparedthe results for cytosine, CMP and poly-C,there are two
clear trends, firstly that the larger the molecule the smaller the RAS response which
was interpreted in terms of the reduced number of available bonding sites to the
Au(110) surface. Secondly, that the intensity of ‘rewet’ RA spectra in comparison to
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the corresponding original ‘wet’ RA spectra, increased as the size of the adsorbed
molecule increased. The latter effect was attributed to the removal of excess
molecules whenthe first phosphate buffer solution was removed and replaced by a
fresh buffer solution thus improving the long range ordering of the surrounding
hydrogen bonding network and improvingits efficiency at dissipating radiation from
the adsorbed biological molecules.
This hypothesis breaks down when applied to the RAS results obtained from
Au(110) + ds-DNA and Au(110) + ss-DNA. There are two possible reasons as to
why the theory breaks down, the first being that the bases adenine, thymine and
guanine and their corresponding monophosphates and oligonucleotides, behave
differently to cytosine, CMP and poly-C.Asthe three other bases are present in the
ss-DNA and ds-DNA but in unknown quantities, their behaviour may be effecting
the RASstudies to an extent which, as of yet, are too complex to understand fully.
The secondpossibility could be that the thirty minute exposure of the ds-DNA and
ss-DNA on the Au(110) sample whilst dry to the UV lamp in the UV RA
spectrometer resulted in the DNA being denatured and therefore giving distorted
results. However if such denaturing does occurit does affect the RA spectrum and
hence the orientation of the molecules on the Au(110) surface. Greater changes in
intensity of the RAS occur after the UV exposure to the adsorbed ss-DNA onthe
Au(110) surface as opposed to the adsorbed ds-DNA.This result can be attributed to
the ds-DNA being more protected against the UV radiation due to internal hydrogen
bonding across the bases, a mechanism whichis does not occur in the ss-DNA.
6.6 Conclusions
This chapter shows that the adsorption of the cytosine occurs at the
Au(110)/electrolyte interface by self assembly. It also shows that as the cytosine
base is replaced by CMP (a cytosine base with a sugar and a phosphate group
attached), the intensity of the RAS obtained is reduced. When the CMP is replaced
by poly-C (10nts) (ten CMP molecules connected via their phosphate groups), the
RASobtained is reduced further. The reduction in the RASintensity is attributed to
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the increasing size of the molecules reducing the numberof available bondingsites
on the Au(110) surface.
In addition to this effect, the drying of the Au(110) crystals after the
adsorption of cytosine, CMP and poly-C results in the RAS obtained from each
sample being reduced in comparison to their complimentary wetted RA spectra.
This result is attributed to the removal of the coupling between the dielectric
function of the Au(110) and the dipole moments of the biological molecules via the
hydrogen bonding network of the buffer solution. Rewetting the samples in clean
buffer solution resulted in the RA spectra obtained from the Au(110) + molecules
increasing in intensity across the entire spectral range to higher values than
previously due to the restoring of the hydrogen bonding network.
The adsorption of ds-DNA and ss-DNAseparately on the Au(110) samples
did not give rise to the same effect as that of the cytosine, CMP and poly-C on the
RAS. The RAS obtained from the Au(110) + ds-DNA showed only a small
difference between the wet and dry samples, but the rewet sample resulted in an
overall increase in RAS to a higher value than observed initially. The ss-DNA
behaved differently: the RAS obtained from the Au(110) + ss-DNA dry sample
giving rise to a reduced intensity across the entire spectral range, but unlike the
experiments involving cytosine, CMP, poly-C and ds-DNA,the RA spectrum ofthe
rewet sample did not have a greater intensity comparedto that ofits original wet RA
spectrum. These differences between DNA and the three cytosine based molecules
might be explained by the effect of the three other bases adenine, thymine and
guanine present in the ds-DNA and ss-DNA.Alternatively the UV radiation from
UV RA spectrometer might have denatured both forms of the DNA duringtheir time
in the spectrometer.
6.7 The Wider Context
The atmosphere ofthe early earth did not have an ozone layer to shield molecules
from the damaging effects of UV radiation [4]. It is known that DNA is damaged by
UV radiation and the question arises as to how DNA wasable to evolve in the
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environment of the early earth. A key observation is that the four bases in DNAall
have very low fluorescence yields indicating that they have a “protection”
mechanism which dissipates the energy adsorbed from UV photons without
damaging the molecule [5]. These dissipative mechanisms, which are usually
attributed to efficient radiationless electronic relaxation processes, vary with the
structure of DNA [6,7]. However while the liquid environment of DNAis knownto
have a majorinfluence onits properties and functional behaviour [8-11] the role of a
liquid environmentin these dissipative mechanismsis unclear [5,12,13]. The results
reported in this chapter show that a liquid environment has a major influence on the
dissipation of the energy absorbed from the UV radiation by both ds-DNAandss-
DNA as well as the DNA base cytosine, its monophophate, CMP, and an
oligonucleotide comprising of ten CMP molecules connected through a phosphate
backbone (poly-C (10nts)). This mechanism involving the liquid environment would
therefore have facilitated the evolution of DNA.
This study is made possible by the observation that the optical response of
cytosine [1], adenine [14] ss-DNA and ds-DNA[3] adsorbed at Au(110)/electrolyte
interfaces involves a strong coupling to the dielectric response of the Au(110)
substrate. Furthermore the strength of this coupling in ss-DNA depends on whether
the ss-DNA adsorbs on the Au(110) through the phosphate backbone or through the
bases indicating [3] that the coupling betweenthe optical dipole of the bases and the
Au depends on the detail of the local molecular environment. The coupling of the
optical response of these adsorbed moleculesto the optical response of the Au(110)
substrate varies dramatically whenthe liquid environment is removed.
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Chapter 7
Conclusions
This chapter brings together all the findings that have arisen from this thesis and
provides an indication as to how this research can be taken forward.
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7.1 Introduction
Theresults that have arisen from the work reported in this thesis are summarised in
the following sub-sections.
7.1.1 The RASof Au(110)
The characteristic RA profiles of the Au(110)-(1 x 1) surface structure as well as the
(1X2) and (1X3) surface reconstructions in varied environments of pH,electrolyte
anion and applied electrode potential, were summarised from studies reported by
previous research students in order to describe the behaviour of the Au(110) surface
that has been used extensively throughout this study. In an extension to previous
Au(110) studies, the Au(110) surfaces which consist of mixed regions of the (1 x 1)
and (1X2) surface structures or the (1X2) and (1 <3) surface reconstructions, have
been simulated using the experimental data obtained by the RAS of the (1x1)
surface structure and the (1 x2) and (1 <3) surface reconstructions.
The development of a second RA spectrometer, which can probe into the UV
spectral range (4.0 eV to 6.8 eV), facilitated the study of the optical response of the
Au(110) crystal under a liquid environment for the first time using RAS in this
spectral range. The use of the new RA spectrometer in conjunction with the normal
RA spectrometer(1.5 eV to 5.5 eV) enabled extended RA spectra to be obtained via
a series of data matching procedures. Theoretical modeling of the extended RA
spectra of the Au(110) surface was used to show that a sixth transition (at 6.43 +
0.01 eV) is required in order to simulate the optical transitions of the Au(110)
crystal surface. The modeling of the extended RA spectra also showedthat the fifth
transition observed in the normal RA spectrometer (at ~5.0 eV) is actually a much
broader and moreintensetransition (at ~5.5 eV) when probed by the new UV range
RA spectrometer. The discrepancy is attributed to the optical components in the
normal RA spectrometer being less sensitive than the new UV RA spectrometer in
the spectral region above 5.0 eV.
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7.1.2 The RAS of Au(110) + Cytosine
The adsorption of cytosine at the Au(110)/electrolyte interface under various
conditions has producedseveral interesting RA spectra. The RAS of Au(110) after
the adsorption of four different concentrations of cytosine, were used to show that as
the concentration of cytosine was increased, the optical response of the Au(110)
increased as well as the cytosine peak at 4.3 eV.
Theoretical simulations of the RAS obtained from the sub-monolayer
coverage of cytosine at the Au(110)/electrolyte interface can be reproduced by the
linear summation of various percentages of the RAS data obtained from a clean
Au(110) surface and RAS data obtained from a cytosine saturated Au(110) surface.
Further experiments showed that an applied potential of -0.6 V was
sufficiently negative to drive all the cytosine molecules from the surface of the
Au(110) sample. At a potential of -0.4 V, a reduced RA response from the cytosine
adsorbed on the Au(110) surface leads to the suggestion that at this voltage, the
cytosine hasstarted to be driven from the Au(110). The RAS obtained from Au(110)
+ cytosine at potentials of -0.2 V to +0.6 V are almost identical. This lack of
variation suggests that the surface structure and orientation of the cytosine
molecules do not change and thus indicates that the cytosine molecules, when
adsorbed at 0.0 V, are freezing the surface reconstruction. Further simulations also
show this freezing effect.
The application of ADRAS determines that the cytosine molecules adsorb
vertically at the Au(110)/electrolyte interface regardless of whether there is a
monolayer coverage of cytosine molecules or sub-monolayer coverage. The
application of theoretical modeling of the ADRASresults obtained from Au(110) +
cytosine, indicate that the transitions in the cytosine molecules are polarised in the
[110] direction of the Au(110) crystal. These results alongside computer software
modeling specify that the cytosine adsorbs to the Au(110) via three bondingsites on
the molecule, the NH» group and the N(3) and O atoms.
The final experiment observed the behaviour of the cytosine adsorption at
the Au(110)/electrolyte interface at variable pH. The RAS data showsthat the
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cytosine adsorbs at 0.0 V under neutral (pH 7.1) and alkali (pH 12.8) conditions but
that the cytosine does not adsorb under acidic (pH 1.2) conditions. However,
cytosine has been observed to adsorb under acidic conditions and form random
dimerised structures therefore leaving open the argumentthe cytosine is adsorbed at
the Au(110)/electrolyte interface but in a random mannerandthus undetectable by
RASstudies.
7.1.3 The RAS of Au(110) + DNA After Self Assembly
The changes in the RA spectra of Au(110) before and after the self assembled
adsorption of ss-DNA and ds-DNA are an indication that both the long chained
biological molecules adsorb at the Au(110)/electrolyte interface in a manner which
has a preferential ordering across the Au(110) surface. However the adsorption of
the ss-DNA on the Au(110) surface resulted in a larger increase in the RASof the
Au(110) than that produced by the adsorption of the ds-DNA. The amount of
ss-DNA dissolved in solution was much smaller than the amount of ds-DNA
dissolved. The smaller concentration of ss-DNA resulted in a much larger optical
response and a greater coupling between the dielectric functions of the ss-DNA and
the Au(110) surface when compared to the optical response of the ds-DNAat the
Au(110) surface. This greater optical response from a lower concentration of the
ss-DNAis attributed to the DNA bases, which are exposed in ss-DNA, bonding to
the Au(110) surface, a result which can not occur with the ds-DNA dueto the bases
being protected by the phosphate backbone.
The RAS obtained by the DNA adsorbing in an ordered manner at the
Au(110)/electrolyte interface can not be attributed to either the Au(110) surface
driving the ordered monolayer or the interactions which occur between the long
DNA chains themselves. The RAS obtained from ds-DNA adsorbed at the
polycrystalline Au/electrolyte interface unfortunately produced inconclusive results
and could not help determine the mechanism by which the DNA orders on the
Au(110) surface.
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7.1.4 The Effect of Solution on the RAS of Au(110) + DNA
The role of an aqueous solution surrounding biological molecules is one of great
importance, with suggestions being made that a water environmentaided the “self
protection” mechanism of DNA bases whenearly Earth was bathed in harmful UV
radiation, and thus allowing the evolution of DNAandlife.
The RASstudies described in chapter six show that the phosphate buffer
solution enhances the optical response of the adsorbed biological molecules on the
Au(110) surface. The results give rise to the suggestion that the hydrogen bonding
network in the phosphate buffer solution mediates the coupling between the
dielectric function of the Au(110) surface and the dipole momentsin the biological
molecules.
Removing the liquid from the Petri dishes lead to the reduction in RAS
across the entire spectral range of investigation, a result which wasobservedfor four
of the five molecules (cytosine, CMP, poly-C and ss-DNA)adsorbedat the Au(110)
surface. The dry sample of Au(110) + ds-DNAresulted was different to those of the
other four molecules, this being that the intensity of the RAS between 4.5 eV and
7.0 eV did not change when wetor dry.
Rewetting the samples in clean phosphate buffer solution gave rise to a
greater intensity than the original wet RA spectra across the spectral range for the
RASexperiments of Au(110) after the adsorption of cytosine, CMP, poly-C and
ds-DNA. The RAS experiment of Au(110) + ss-DNAdid not show this effect, with
the RA spectrum obtained from the Au(110) + ss-DNA when rewet not having a
greater overall intensity than the RA spectrum obtained from Au(110) + ss-DNA
before the sample was allowed to dry. This result is not fully understood butit is
suggested that the effect of the other bases; adenine, thymine and guanine, may
behave differently to cytosine which had been studied. In addition to this, the
exposure of the ss-DNA and ds-DNAto the intense UV radiation from the UV RA
spectrometer may have caused a denaturing of the DNA. Any damage to the DNA
would reduceits optical response and, furthermore, its RAS.
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7.2 Future Work
The experiments reported in this thesis were undertaken with the intention to
methodically develop an understanding of the behaviour of DNA at the
Au(110)/electrolyte interface. The understanding is built up from probing the
smaller parts of DNA:the bases, through to the ds-DNAitself.
The implementation of RAS to probe biological molecules at the
Au(110)/electrolyte interface can lead to a deeper understanding of the behaviour of
one of the most important biological molecules. The preliminary results reported in
this thesis can aid in progressing studies into bio-electronic devices. However, more
investigations need to be undertaken. So far there have been investigations into the
RASof adenine and cytosine on Au(110), therefore the most logical path of future
studies would be to probe the adsorption of the two remaining DNAbases; thymine
and guanine, at the Au(110)/electrolyte interface using RAS. A greater
understanding into the kinetics of these final two DNA bases may aid in the
understanding of full chain DNA strands adsorbed on Au(110).
With regards to experimental equipment there are two additions which
would greatly benefit the research of DNA at the Au(110)/electrolyte interface, one
of which is an upgrade to existing equipment in the laboratory and the other is a
purchase that would complement RASasa probe.
The upgradeis to change the existing dish which holds the Au(110) crystals
in place for RAS investigations performed with the Au(110) crystal placed
horizontally. The existing dish cannot accommodate electrochemical studies.
ADRASinvestigations with a new electrochemical cell which holds the Au(110)
crystal horizontally, would lead to more accurate angular variation experiments
whereby the experiments are under potential control instead of self assembly. This
new horizontal electrochemical cell would be required to fix the Au(110) crystals in
place and have a window which cantrap a thin layer of the electrolyte above the
crystal surface. Reducing the amountofelectrolyte to a minimum would reduce the
amount of light scattering and UV light being absorbed in the new UV RA
spectrometerby the electrolyte, thus potentially increasing the range of the new UV
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RA spectrometer to 7.0 eV or beyond. Increasing the range of investigation for
Au(110) + DNAcould lead to very importantresults.
The second avenue of future study would be to invest in an EC-STM. The
application of an EC-STM would giverise to results that would without doubt
strengthen or shatter the analysis of the RASstudies reportedin this thesis.
At present the horizontal electrochemicalcell is in a prototype form and the
finances are being put in place to purchase an EC-STM to the University of
Liverpool RASresearch group.
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